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ABSTRACT
A B S T R A C T
Phosphorus occurs in natural water and wastewater mainly as orthophosphates and 
polyphosphates. The major sources o f phosphorus arising in municipal wastewater originate 
from both domestic and industrial waste flows. Approximately 50 to 70% of the phosphorus in 
domestic wastewater comes from human wastes and the remaining 30 to 50% comes from 
synthetic detergents containing phosphate components that are utilised for washing clothes. The 
fertiliser industry and commercial laundry systems comprise the bulk of industrial sources of 
phosphorus. The presence of excess phosphorus in the effluent discharged to natural waters has 
long been viewed as the cause o f algae blooms and eutrophication. The average molar ratio of 
nitrogen, phosphorus and carbon in algae protoplasm is approximately 15:1:105, and therefore 
represents an optimum nutrient requirement ratio. The constituent that is present in the lowest 
concentration, taking into account this ratio requirement, will effectively limit algal growth. It 
can be deduced, therefore, that a minimal amount of phosphorus can still support substantial 
algae growth and its removal is more effective than nitrogen removal for preventing 
eutrophication in surface water. To this end, feasible methods for the removal and recovery of 
phosphorus from wastewater need to be studied.
This study aimed to investigate the feasibility of using liquid-liquid extraction and 
enhanced coagulation methods to remove and recover phosphates from wastewater and water 
resources. The results revealed that to achieve the maximum phosphates removal by a liquid- 
liquid extraction method, the best extractant was a mixture of kerosene and 
benzyldimethylamine at a volume ratio of 2:1. The optimum volume ratio of the extractant and 
wastewater sample is 1 :1 , while the optimum extraction period was 6  hours with a shaking 
speed o f 250 rpm. A phosphate extraction efficiency of greater than 80% was achieved across 
the three categories of water samples tested; a model water, lake water in the UNIS campus and 
real wastewater. A high stripping efficiency o f greater than 90% was achieved from stripping 
the extractant used in treating each o f the wastewater samples, using 6 M sulphuric acid at a 
volume ratio of 1:1 with an agitation speed of 250 rpm. It was possible to re-use the resulting 
extractant from the stripping process nine times, when the overall phosphate removal efficiency 
was maintained by mixing the recycled to fresh extractant (kerosene and benzyldimethylamine 
at a volume ratio of 2:1) at volume ratios o f 4:1 and 2:1 for the lake water and wastewater 
samples respectively.
Aluminium sulphate, aluminium chloride and anhydrous iron chloride were used as 
chemical coagulants in the enhanced coagulation study. The doses applied for the two 
aluminium salts used were 4, 8 , 12, 16 and 20 mg/L as Al3+ while that of anhydrous iron 
chloride was 8 , 16, 24, 32, and 40 mg/L as Fe3+. Turbidity removal efficiency o f >80% was 
achieved when aluminium salts were used. The iron salt produced an efficiency o f >80% for the 
sample pH 6  and 8 . In addition, the removal efficiency increased with increase in the coagulant 
dose for all the coagulant salts used. The phosphates removal efficiency increased with increase 
in the coagulant dose and showed dependency on the pH of the wastewater samples. The major 
drawback of coagulation/precipitation is the excess sludge production in the process.
This research revealed that a liquid-liquid extraction method is superior in respect of 
phosphate removal and recovery and has potential for use as an alternative method for industrial 
applications.
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CHAPTER 1
INTRODUCTION
C H A P T E R  1 
IN T R O D U C T IO N
The most essential naturally occurring resource in the world is water, as 
without it life cannot survive and many industries may not function. While 
humanity can exist for a number o f  days without food, the lack o f water for just a 
few days may have crucial repercussions. Hence an important prerequisite for the 
establishment o f  a steady and sound community is the presence o f  a safe and 
reliable source o f water. People are forced into leading a nomadic life style in the 
absence o f a suitable water source. In view o f this, for many centuries sources o f  
water have been the origin o f many conflicts over water rights. History includes 
many instances in different parts o f the world, where agricultural development has 
been hindered by meddling with water supplies as part o f  a disagreement between 
landowners and settlers. Other disagreements have arisen as a result o f  the effects 
that mankind and industrial effluents can have on the environment. This has 
necessitated the need to carefully recognise the importance o f water as a natural 
resource and its collective universal management and conservation. Although 
nature has the capability o f recovering from environmental degradation, the 
escalating demands on water resources require the professional application o f a 
fundamental acquaintance with the water cycle to ensure the maintenance o f  
quality and quantity (Tebbutt, 1998).
1.1 W ater Sustainability
In developed countries, environmental issues are now receiving the 
greatest public attention and the environment has taken on political implications. 
In spite o f  water demand not increasingly greatly in these countries as a result o f 
low population growth, attention has been focussed on a number o f problems 
relating with regard to water quality control. Many trace chemicals that arise from 
industrial processes or as a result o f some water and wastewater treatment 
processes, can now be detected through improved analytical techniques. A good 
knowledge o f food chains and the ability to comprehend intricate biochemical and 
ecological reactions has compelled many water industries to be subjected to severe
1
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restrictions on their operation and levels o f service. Further causes for public 
discussion and concern have arisen from the possibility o f the greenhouse effects 
and ozone layer depletion, which could lead to severe environmental degradation. 
In the developed world, many people appreciate that the environmental issue 
poses a complex problem and therefore requires a holistic perspective (Tebbutt, 
1998). Meanwhile, in the developing countries, the pressures posed by population 
growth and economic hardships greatly determine the level o f environmental 
degradation. Many o f the environmental problems in the developed world happen 
as a result o f  lack o f concern, appreciation and know-how o f the causes o f  
environmental pollution. Consequently, necesitated a global discussions focused 
on the aim o f preventing a replication o f these mistakes throughout the world, 
leading to the birth o f the term ‘sustainable development’.
The World Commission on Environment and Development (W.C.E.D., 
1987) defined sustainable development as “the development that meets the need of 
the present without compromising the ability of the future generations to meet 
their needs ”. The definition implies:
S  Acknowledging essential needs predominantly of the world’s poor 
V Apprehension for the establishment o f social equity between generations 
and within generations 
*  Acknowledging the limitations caused by the capabilities o f  technology 
and social institutions on the environmental ability to meet present and 
future demands.
With respect to water, the above concepts can be construed as water being 
a limited resource that should be viewed as both a social and economic 
commodity. At the same time, those who use it most, together with all those who 
have an interest in its allocation, ought to be involved in its management and 
decision-making. In addition, water should be administered within a widespread 
framework, accounting for its impact on all aspects o f social and economic 
development. Incorporating these concepts into policy and implementation, a new  
era o f  economic growth on the basis o f policies that sustain and expand natural 
environmental resources could replace the current increasing environmental 
degradation.
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CHAPTER 1
INTRODUCTION
The objectives o f a sustainable water policy have been expressed by the 
European Commission as the provision o f  a secure supply o f safe drinking water 
in sufficient quantity; provision o f water resources o f adequate quality and 
quantity to cater for economic needs o f  industries and agriculture. In addition, the 
definition includes the quality and quantity o f  water resources adequate to protect 
and sustain a good ecological state and the functioning o f the marine environment, 
while ensuring good management o f  water resources to avert or mitigate the 
undesirable impact o f floods and reduce the effects o f drought (Tebbutt, 1998).
Meanwhile, the results o f the International Drinking Water and Sanitation 
Decade showed that finances and technology availability alone might not improve 
water quality, sanitation and public health (Traore, 1992). A  more sustainable 
water quality management programme should include the following areas:
■ Population demand and control
■ Institutional reform
■ Implementation o f incentives for improved cost effectiveness
■ More training at all levels o f society on the benefits derived from better 
water quality and waste management practices
■ Training in the operation and maintenance o f water and wastewater 
treatment facilities
■ Improved monitoring
■ Non-point pollution control and greater recycling o f waste residuals.
The principal cause o f diseases and death, especially in rural areas quite 
often associated with unsafe drinking water and a lack o f sanitation facilities. In 
order to counteract the water related threats specific measures are often required, 
although a lack o f finances and inadequate local management often lower their 
effectiveness.
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1.2 Water Resources
Water sources utilised for drinking and public supply can be divided into 
surface and ground water sources. Examples of surface water sources include 
rivers, lakes and reservoirs, while ground water sources include wells and 
boreholes. In rare cases, saline water even seawater can be used as a source of 
water (Stevenson, 1999).
Approximately 7% of the earth’s mass is made up of water. Only 0.7% of 
the earth’s water exists as fresh water in lakes, rivers, shallow aquifers and in the 
atmosphere. The water stocks on the earth are collectively referred to as the 
hydrosphere and the circulation of the water within and between the compartments 
of the hydrosphere is referred to as the hydrological cycle. Due to the long 
characteristic residence times associated with ground water, much of it is 
effectively a non-renewable resource. Meanwhile, surface water supplies are 
normally quickly renewed by the hydrological cycle (Nazaroff and Cohen, 2001).
1.3 Project Background
Nutrient storage and recycling can be considered the most valuable 
service, with a global annual cash flow estimated at 17 x 10 12 $ in the world as 
indicated by Costanza et al., 1997 in their economic evaluation of the world’s 
ecosystem services and natural capital. Such an estimate underlines the 
importance of nutrients in water as a major step towards biological productivity 
and food production. In the past, people lived in the same location as that in which 
their food was produced and a significant amount of nutrients were locally 
recycled. However, today people in the developed countries, tend to live in cities, 
whereas their food is produced in the countryside. Thus most of the nutrients 
required, such as fertilisers, are not locally recycled; they are supplied through 
industrial processes after fixation from the atmosphere (N) or extraction from 
mining (P). The food is consumed and recycled elsewhere with waste being 
treated and discharged into the rivers. To this end, the cycle of nutrients has been 
opened and their concentration has increased in rivers, lakes and coastal zones. 
This has resulted in eutrophication (see section 2.4), which has become a real 
environmental concern globally (Tusseau-Vuillemin, 2001).
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In most fresh water systems, phosphorus has been identified as the limiting 
nutrient to phytoplankton development. This nutrient is introduced into the aquatic 
environment from rock weathering and soil leaching (natural sources), but also, 
and mostly, from agriculture runoff and domestic sewage. Some food processing 
industries (meat, vegetables, cheese processing) also contribute significantly to the 
phosphorus budget (Tusseau-Vuillemin, 2001). Currently, chemical and biological 
methods are used for phosphorus removal. In most chemical treatments, 
phosphorus can be removed from wastewater by precipitation using a metal salt 
such as iron, aluminium and calcium salts. Both methods allow phosphorus to be 
recycled for use as a raw material in fertilizer industries or agricultural 
applications (Chimenosa et al., 2003).
This thesis focuses on a new chemical approach that of liquid-liquid 
extraction for the removal and recovery of phosphates. Although the method has 
been extensively used in the metallurgy industry to recover metals, its potential 
has not been fully exploited in the extraction and recovery of nutrients in the 
wastewater industry, accordingly this research work represents a first time to 
evaluate the potential of the method in depth. The research also assesses enhanced 
coagulation and flocculation steps that could be used for the removal of 
phosphates. The proposed liquid-liquid extraction method and the current 
physicochemical methods are similar, that both allow for efficient phosphates 
removal although it is speculated that liquid-liquid extraction does so in a more 
sustainable way.
1.4. Project Objectives and Aims
The aim of this study is to remove and recover phosphates in water and 
wastewater using the liquid-liquid extraction approach and coagulation 
procedures. An attempt to recover the phosphates removed will also be explored 
using the same approach of liquid-liquid extraction. Corresponding to achieving 
the above aim the objectives of the study are:
■ To select the optimum diluent and extractant and their mixing ratios. In 
liquid-liquid extraction, a small quantity of an organic soluble chemical 
called the extractant is dissolved in a second organic liquid called the
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diluent. The mixture is often referred to as the extractant or the organic 
phase.
■ To prepare model water that simulates conditions in the actual field,
■ To determine the right conditions for the extraction process i.e. the 
optimum strength and length of mixing, phase separation, and mixing 
ratios of the diluent, extractant and the water samples.
■ To determine the best type and concentration of acids for the stripping 
process. The stripping process is the reverse reaction to extraction. This 
allows the recovery of phosphates from the organic phase in a concentrated 
form, while allowing the organic extractant to be recycled, hence a 
stripping agent has to be chosen that will enable the phosphates to leave 
the organic phase to enter the strip phase.
■ To validate the efficiency of liquid-liquid extraction for the treatment of 
actual wastewater samples from a sewage plant
■ To investigate the best coagulant for the coagulation process that would 
effectively remove phosphates.
* To compare and contrast the newly proposed approach with 
coagulation/precipitation method of phosphates removal.
1.5. Structure of the Thesis
This thesis follows the following structure:
Chapter 1 introduces some of the essential information on water 
sustainability, giving details of its implications in both the developed and 
developing world. The chapter also introduces the definition of sustainability as 
defined by the World Commission on Environment and Development (WCED) 
and its application to water policies. In addition, it also provides useful 
background information on water resources. The project aims and objectives are 
also outlined in this chapter.
In chapter 2, a detailed literature review is provided. The review touches 
on the history and chemistry of phosphorus with respect to atomic properties, the 
phosphorus cycle and the sources of phosphorus in water. The issue of
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eutrophication is also discussed at length with reference to the role played by 
phosphates. A detailed definition of eutrophication is provided alongside its 
source and implication in general. Lake Victoria in Kenya provides a case study 
on eutrophication which is briefly discussed in this section of the thesis. The 
chapter also covers aspects of water and wastewater regulation, especially the 
urban wastewater treatment directive. It also examines phosphate removal 
technologies, both chemical and biological processes. Further, a brief background 
to liquid-liquid extraction and coagulation processes is outlined in this chapter.
Next, Chapter 3 provides information on the analytical methodology used 
in this research in terms of the principles involved, reagents, and apparatus. A 
detailed description on the calibration procedure for the analytical instrument used 
in the research is also outlined. Similarly, the chapter also provides information on 
the wastewater sample collection procedure and also covers aspects of quality 
control and assurance protocol that were used in the course of the research work.
In chapter 4, a detailed discussion of liquid-liquid extraction for the 
removal and recovery of phosphates is given. The results of liquid-liquid 
extraction and a brief summary of the process in flow diagrams are also shown. 
Chapter 5 provides detailed information on phosphates removal using 
coagulation/precipitation processes. It also provides a discussion of the results 
obtained based on the coagulation/precipitation method. Chapter 6 examines the 
comparative phosphates removal performance by liquid-liquid extraction and 
coagulation/precipitation method. Finally, Chapter 7 provides a general 
conclusion of the research and gives recommendations for future studies in areas 
that were partially or inadequately covered due to time restrictions.
\
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CHAPTER 2 
LITERATURE REVIEW
2.1 History and Chemistry of Phosphorus
Phosphorus with a chemical symbol P comes from a Greek word 
Phophoros which means ‘light bearing’, which is an ancient name for the planet 
Venus that appears before sunrise (Bryant, 2004). Phosphorus is the first element 
to be discovered having a historical register. In 1669, a German merchant called 
Henning Brand prepared elementary phosphorus through the distillation of urine. 
It is quite likely that, in the 12th century, Arabian alchemists obtained the element 
using this process although the credit is given to Brand (Nautilus, 2000). About 
one hundred years later, it was discovered that a higher concentration of 
phosphorus could be found in teeth and bones, although it is now obtained from 
mineral ore deposits. Phosphorus has an atomic number 15 and an atomic weight 
of 30.97. In the order of abundance on the earth’s crust, it is the 11th element. 
Phosphorus plays an essential role in life processes since it is a constituent of 
DNA and it is involved in metabolic energy transfer as ATP and related 
compounds. However, it can also be very toxic substance, as a compound, as 
evident in its use as a chemical in warfare agents and in pesticides (Bryant, 2004).
2.2 The Chemistry of Phosphorus
Phosphorus appears in natural waters and wastewaters almost exclusively 
as phosphates. These are categorised as orthophosphates, condensed phosphates 
(pyro-, meta-, and other polyphosphates), and organically bound phosphates. They 
occur in solution, as particles or detritus, or in the bodies of aquatic organisms. 
These forms of phosphates arise from a range of sources. During water treatment, 
some water supplies add a small amount of certain condensed phosphates. In areas 
where the water is soft (i.e. contains little calcium), minute quantities of lead from 
old pipes in customers' properties can dissolve into the water. Phosphate -  a 
common chemical present in most foodstuffs -  is added to prevent this happening 
(Eaton et al., 1995). It coats the lead pipes and prevents the lead dissolving into 
the water. Larger amounts are added if the water is to be utilised for laundering or
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other cleaning purposes, since these materials are the main constituents of most 
commercial cleaning preparations. Orthophosphates applied to agricultural or 
residential cultivated land as fertilizers are washed into surface waters by storm 
runoff and to a lesser extent with melting snow. Organic phosphates are produced 
primarily through biological processes. They are introduced into sewage by body 
wastes and food residues and may also be formed from orthophosphates in 
biological treatment processes or by receiving water biota (Eaton et al., 1995).
Phosphates and polyphosphates are salts of oxo-acids. The most common 
naturally occurring forms of phosphorus are orthophosphates minerals referred to 
as apatites. These are represented by a general molecular formula Cas^O^X, 
where X=F for fluorapatites, X=C1 for chlorapatite and X=OH for hydroxylapatite. 
Hydroxylapatite forms about 60% by weight of animal bones and about 70% of 
teeth. These and other phosphates compounds are exceedingly insoluble. 
Therefore, in nature, the availability of phosphorus controls the production of life 
forms with major implications for agriculture and life in water masses. The more 
soluble forms of apatite in the form of mono-calcium phosphate (Ca^LPO^) and 
ammonium phosphates were developed by man to be used as fertilizers (Bryant, 
2004).
Phosphorus is important for the growth of organisms and can be the 
nutrient that inhibits the principal productivity of a body of water. In instances 
where phosphate is a growth-limiting nutrient, the discharge of raw or treated 
wastewater, agricultural drainage, or certain industrial wastes to that water may 
stimulate the growth of photosynthetic aquatic micro- and macro- organisms in 
nuisance quantities. Both as precipitated inorganic forms and incorporated into 
organic compounds, phosphates occur in bottom sediments and in biological 
sludge (Eaton et al., 1995).
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2.2.1 Atomic Properties
Phosphorus as shown in table 2.1 below can exist in seven isotopes 
although in nature only 15P31 exist due to the short half life of the remaining 
isotopes. Phosphorus Nuclear Magnetic Resonance Spectroscopy is a technique 
normally used to give information about the structure of molecules. The 31P 
nucleus has a sensitivity of 6.63x10' at constant field in comparison to the proton. 
However, since it has a nuclear spin of V2 and a large magnetic moment, this 
phenomenon allows for easy gathering of spectroscopic data. Spectra are referred 
electronically against 85% H3PO4 solution and do not need to be collected in 
deuterated solvents. Consequential upon the high strain in the bonds, there is a 
wide range of chemical shifts of which the highest known is +450 ppm for P4 
phosphorus (Bryant, 2004)
Currently, there are in excess of 100,000 known phosphorus compounds. 
A majority of these contain linkages to oxygen, carbon, nitrogen and metals with 
a significant minority with linkages to boron, silicon, sulphur or halogens. 
Phosphorus exists naturally almost exclusively as phosphate containing a single or 
double oxygen bond. Biologically essential phosphorus is inorganic containing 
single or double oxygen bonds or organic containing one, two or three P-O-C 
bonds that can respectively form monoesters, diesters, and triesters (Bryant, 
2004).
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Table 2.1: Phosphorus isotopes (Bryant, 2004)
Isotope Lifetime Decaymode
Decay
energy
(MeV)
Particle
energies
(MeV)
Particle
intensities
(%)
Nuclear
spin
(I)
Magnetic
moment
(P)
i5p/a 0.28 s p+ 13.8 10.6 50
15P"9 4.4 s p+ 4.95 3.96
15P™ 2.5 min p+ 4.24 3.27
15P31 - 1/2 +1.1317
isPM 14.3 d p- 1.71 1.71 100 1 -0.2523
isP33 25 d p- 0.248 0.249 100
isP34 12.4 s p- 5.1
5.1
3.2
75
25
2.2.2 Phosphorus cycle
The Phosphorus cycle describes phosphorus movement on the earth’s 
surface emanating from its release from primary sources, followed by its 
circulation within the soil system, its transportation to rivers as well as in air in 
particulate form and by rivers to lakes and sea and finally its ultimate burial in 
sedimentary sequences. Phosphorus together with carbon and nitrogen regulate 
biological activities. The optimum productivity occurs when the composition of 
these three elements approaches the Redfield ratio, which represents their 
proportion for phytoplankton growth and is normally quoted as C:N:P = 106:16:1 
(Valsami-Jones, 2004). The lack of an atmospheric pool for P, unlike N and C, 
makes it the limiting nutrient in terrestrial and freshwater environments.
The only significant source of P prior to human influence on the global 
nutrient fluxes, was weathering of primary phosphate minerals in rocks and soil 
on land. Modern man has extensively modified the global P cycle, where 
quantities have doubled in the past centuries and are projected to increase even 
further (Valsami-Jones, 2004). The reason for this has been the widespread use of 
fertilisers and detergents. The impact of this increase in fluxes on the environment 
is widespread and may extend as far as eutrophication in water bodies to 
damaging coral reefs ecosystems.
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2.2.2.1 Natural Cycle
The cycle of phosphorus in rivers is an extremely complex process 
involving the growth of plants and water sedimentation interactions. It rotates very 
slowly through the primary inorganic phosphate cycle, which consists of three 
movements. To begin with, phosphate is leached from the land by weathering and 
transported by river to the sea. The leaching itself is a slow process normally aided 
by life on the land. Secondly, is the movement caused by precipitation of the 
phosphate in the sea as calcium phosphates (apatites), which are deposited mostly 
on continental shelves. The third movement is the geological uplifting of these 
marine deposits so that they are back on land again and exposed to weathering as 
shown in figure 2.1 below (Emsley and Hall, 1976).
Figure 2.1 Primary Inorganic Phosphate Cycle (Emsley and Hall,
1976)________________________________________________________
Secondary cycles comprise the movement of phosphorus through the life 
cycle of the land and the sea. They consist of the uptake of phosphate by plants, 
which may be consumed or die. The phosphates in them are then re-introduced 
into the environment by excretion or decay. These cycles can be related to the 
primary cycles as illustrated in figure 2.2 below. Rivers that wash away soluble 
phosphates from the land and hence replenish the phosphates of lakes and seas 
from which phosphates are constantly lost by sedimentation, either as precipitated 
calcium phosphate or organic debris, connect the secondary cycles. Although the
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net transfer of phosphorus is in the direction of the primary cycles there are 
movements in the opposite direction: from water to land by fish-eating creatures 
such as seabirds and man and from sediment to solution by decay and hydrolysis.
Land \
B ased  )
R ock s V L if e c y c le s  J
and so il
G eo lo g ic a l
uplift
P re c ip ita tio n + organ ic  debris  
T n z y in e s e tc "
Figure 2.2: Schematic Presentation of Primary and Secondary 
Phosphorus Cycle (Emsley and Hall, 1976)________________________
2.2.2.2 Land-Based Phosphorus Cycle
Phosphorus, being an important nutrient, is usually extensively recycled 
within soils where its availability dominates biological processes. Soils in actual 
fact serve as a temporary reservoir for phosphorus. It occurs in soils as dissolved 
species and also in particulate form, either inorganic or organic. Sorption is 
mainly controlled by the finest grained particle (Clay fraction) which represents 
the fraction with the highest and most reactive surface area of the soil on which 
most chemical reactions take place (Valsami-Jones, 2004).
The natural cycle of phosphorus can no longer be discussed in isolation as 
very little of the surface area of the globe remains free from man’s interference. 
This can be illustrated by figure 2.3 below. The natural occurrence of phosphorus 
in soil is very low, although unlike the other elements important for life, the 
amount remains stable due to the majority of phosphorus being present as 
insoluble inorganic phosphates referred to as the fixed phosphates. The available 
phosphate, which is the soluble inorganic phosphate required for plant growth
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(H3PO4), is produced by acid conditions arising from dissolved CCty, decay of 
vegetation or by a special acid mechanism of roots (Emsley and Hall, 1976).
The greatest loss of phosphorus from land is as a result of plant crops and 
products of farm animals. In a simple rural economy where cropping occurs, the 
wastes and excreta of the users is normally returned to the land while in an urban- 
industrial society the waste and excreta end up in rivers. To circumvent this latter 
diversion, soluble phosphates are incorporated into fertilisers. On top of the slow 
erosion of the fixed phosphates and the rapid leaching of the available or soluble 
phosphates man adds his own contribution to the river supply. Industrial 
wastewater and sewage effluent have high phosphate contents. It is necessary 
therefore to control their phosphorus levels through sewage and industrial 
wastewater treatment before they are discharged into rivers. Chemically, the 
phosphates can be precipitated as an insoluble salt by the addition of iron or 
aluminium salts. The effluent water from sewage can have 99% of its phosphorus 
removed by precipitation hence reducing its level in rivers to a reasonable 
amount.
To this end, it assists in restoring the unbalanced lake and estuary 
ecosystem into which the rivers empty. In order to prevent biological disturbance, 
the ideal phosphorus concentration of water entering a lake or a river should be 
less than 0.05 mg phosphorus/litre (Emsley and Hall, 1976).
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Figure 2.3: Land based phosphorus Cycle (Emsley and Hall, 1976)
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2.2.2.3 Water Based Phosphate Cycle
The phosphate cycle in water is controlled by the bio-cycle. This 
comprises of producer organisms i.e. phytoplankton, which utilise the inorganic 
nutrients, consumer organisms, which feed on them and decomposer organisms, 
which break down the dead forms of the higher organisms. In aquatic 
surroundings, the consumers are collectively termed zooplankton and consist of 
insects and their larvae, Crustacea and fish. They generally feed on phytoplankton 
although some are carnivorous. Bacteria and fungi are the principal decomposer 
organisms, aided by some of the underneath forms. Phosphate is vital to the 
biocycle and the water-based phosphate cycle as illustrated in figure 2.4 below.
i tii i
Link
I Rnr.tfirifl 1 ......... - ............► Phytoplankton food Zooplankton
e.g. algae I .. ...... (herbivores)
p o( <-> h p o1- <-> h 2po4
lilt'.1111 11111 I I I I I ' l i l t  I I I I I l i l t  I I I I I l i l t  I I I I I I I I
I'!'!'!1 •v 1 1111
V  1 1I t i t
Soluble
organic
phosphates
food
Undisturbed
Enzymes etc.
Top sediment Dead organisms Excreta
j ‘ Soluble’ forms of phosphate
Figure 2.4: The water-based Phosphorus Cycle (Emsley and Hall, 
1976)________________________________________________________
Insoluble phosphates
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The transportation of phosphorus (P) from soil to surface water occurs in 
form of dissolved (chemical) and particulate (physical) form both at the surface 
and subsurface level although the latter has been difficult to quantify. It is only 
recent research work that has begun to recognise its significance. Dissolved 
phosphorus speciation as illustrated in the figures above has H2PO4' and HPO42' as 
the most dominant aqueous species (Emsley and Hall, 1976). Dissolved 
phosphorus is typically considered a tiny proportion of total phosphorus 
transported. However, this is the most reactive fraction of the total phosphorus. 
Mostly, phosphates are transported in particulate form adsorbed to oxyhydroxides 
and clay particles or as mixed crystalline phosphate phases. The phosphorus 
transported in this manner will most likely be non reactive if present as sparingly 
soluble phosphate mineral particles or tightly bound onto other mineral particles. 
Similarly, some of the less reactive phosphates transported from the continental 
environment into oceans may be buried without any further interactions. 
However, in estuaries and some river deltas a substantial amount of phosphates 
may be transformed from particulate to reactive as a result of a chemical reaction 
and salinity changes (Valsami-Jones, 2004). This results in a net increase of 
dissolved phosphates which often gets used up by phytoplankton blooms or 
flocculated by humic complexes of iron.
2.3 Sources of Phosphorus
2.3.1 Non-Point Sources
Eutrophication as an effect of excessive P concentrations in receiving 
waters may result from the export of P from either point or non-point sources. 
Traditionally a non-point source does not have a discrete discharge point, e.g. as 
agricultural run off (O'Shea, 2002). However, it is essential to recognise that 
within non-point sources such as agricultural fields, the contribution is not alike 
since some areas of the field may have higher connectivity with receiving waters 
and other areas may hold point sources of phosphorus such as feeding and 
defecation areas. Non-point inputs are difficult to measure and regulate because of 
their dispersed origins and because they vary with the seasons and the weather.
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2.3.1.1 Natural
Phosphate rich rocks and deposits release phosphorus during weathering, 
erosion and leaching. Similarly, during seasonal overturn, phosphorus may be 
released from a given lake and reservoir sediments.
2.3.1.2 Anthropogenic
The primary anthropogenic non-point sources of phosphorus include 
runoff from land areas being mined for phosphates deposits, agricultural areas and 
urban/residential areas. Since phosphorus has a strong affinity for soil, very little 
dissolved phosphorus will be transported in runoffs. Meanwhile, the eroded 
sediments from mining and agricultural areas carry adsorbed phosphorus into 
water sources. An additional source comes from the overboard discharge of 
phosphorus containing sewage by boats.
2.3.1.3 Agricultural Fields
Phosphorus is an important element required for plant growth normally 
applied to agricultural soils as commercial inorganic fertiliser, organic manure or 
sewage sludge. A certain optimum phosphorus level is essential for economic 
crop production, although above it results in less yields and environmental 
degradation. There has been widespread use of fertilisers since the 1950s that has 
seen an increase of phosphorus levels of agricultural land from low levels to 
generally medium and high levels. However, a further increase in the phosphorus 
level in the soil is both uneconomic and non environmentally sound especially in
*'s
an era of sustainability concern. Sustainable agriculture requires fertilisation 
strategies that give profitable production with minimum adverse environmental 
effects. Over the past decade, there has been a greater reliance on organic manure. 
This can be attributed to recycling and the use of animal manures, which offer an 
efficient alternative source of phosphorus, in spite of the inherent problems of 
availability, handling and variable nutrient content (MAFF/WOAD, 1998).
It is important to apply fertiliser at the right time of the year when the. 
crops requires the nutrients and there is less chance of them being washed away 
before being used by the plants. Some fertilisers do get washed into rivers or 
leached into the groundwater and this could lead to eutrophication. To this end,
18
C H A P T E R  2
LITERATURE REV I E W
the Ministry of Agriculture Fisheries and Food (MAFF) has produced guidelines 
for fertiliser use and has drawn up action plans for farmers in areas that have been 
identified as likely to go beyond the levels set by the European Union 
(MAFF/WOAD, 1998)
In the period between 1950 and 1995, approximately 600 million metric 
tonnes of phosphate fertilisers were added to the earth surface mainly for crop 
production. In the same period, approximately 250 million metric tonnes of 
phosphates were removed in the form of harvested produce. A portion of these 
were used as animal food whose manure was reapplied on farms returning 
approximately 50 million metric tonnes of harvested phosphates to the soil. 
Therefore, 400 million metric tonnes was the net phosphate addition onto farm 
land over this period (Carpenter et al., 1998). The excess P may remain in the 
soils or be transported to surface waters by either erosion or leaching.
It is this excess amount of phosphates over what plants can use that has 
been closely linked to eutrophication. Similarly, intensive animal production 
involves large numbers of animals in a small area. This large number of animals 
generates enormous quantities of wastes. The disposal problems are comparable 
to those of human sewage; however, the regulatory standards are less stringent 
than those for treating human sewage. Although manures are used to increase soil 
nutrients, the amounts generated by concentrated livestock operations exceed the 
capacity that crops can utilise and retain. It is this excess of nutrients that builds 
up in soil, runoff or infiltrate water supplies resulting in eutrophication (Carpenter 
et al., 1998). It is worth noting that urban runoff also increases the amount of 
phosphates that enter surface water bodies. Urban non-point sources are mainly 
construction sites, lawn fertilizer runoff and pet wastes, alongside developed areas 
without sewers.
19
C H A P T E R  2
LITERATURE REV I E W
2.3.2. Point Sources
Sewage treatment plants together with the use of detergents provide most 
of the available phosphorus to surface water bodies. A normal adult excretes 
approximately 1.3-1.5 g of phosphorus per day. Additional phosphorus comes 
from the use of industrial products such as toothpaste, detergents, pharmaceuticals 
and food treatment compounds. Primary treatment eradicates only 10% of 
phosphorus in the waste stream while secondary treatment eliminates 30% only. 
The remainder is discharged into water. Tertiary treatment is required to remove 
additional phosphorus from water. The amount of additional phosphorus that can 
be removed varies according to the success of the treatment technology utilised. 
The available technology includes biological removal and chemical precipitation 
(DEQ, 2002).
2.3.3 Role of Phosphorus for Human well-being
Phosphorus is the second most abundant mineral (next to calcium) found 
in all plants and animals. It is an important component of the bone occurring in the 
ratios of 1:2 as phosphorus to calcium respectively. Due to its presence in every 
cell, phosphorus is involved in most chemical reactions of the body. In addition, it 
is involved in the metabolism of fats, carbohydrates and proteins. It is also 
important for energy production and aids in the stimulation of muscle contraction 
including those of the heart (Kirschmann and Kirschmann, 1996).
2.3.4 Uses
Phosphorus contributes to the healing process in bone fractures. It is used 
in the treatment of osteoporosis and osteomalacia and also helps in preventing or 
curing rickets in children. The proper calcium phosphate balance in the body can 
help alleviate arthritis. In cases of phosphorus deficiency such as in alcoholics, 
supplementation may boost energy levels. Homeopathic remedies of phosphorus 
are used for mental and nervous exhaustion and muscle cramps and pain 
(Kirschmann and Kirschmann, 1996).
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2.3.5 Consequence of Deficiency of Phosphorus
Phosphorus deficiency is extremely rare or nonexistent in human beings 
because the mineral is found in a wide variety of foods. Prolonged and excessive 
use of anti-acids containing aluminium hydroxide or anticonvulsant medications 
might result in deficiency symptoms.
The symptoms of phosphorus deficiency include weakness, anorexia, 
anaemia, rickets and possible death. Excessive intake of phosphorus is much more 
common than deficiency. Nevertheless, risk factors for phosphorus deficiency 
include diabetes, alcoholism, kidney disease, and starvation (Kirschmann and 
Kirschmann, 1996).
2.3.6 Impact of Phosphorus on Aquatic Life
Excessive phosphorus from runoffs and erosion can increase the nutrient 
level in surface water. In this process referred to as ‘eutrophication’, microscopic 
plants, known as algae increase rapidly when fertilised by phosphorus. The 
presence of the algae in water makes it difficult for larger submerged aquatic 
vegetation to receive ample light. This could lead to them dying causing a problem 
to the aquatic ecosystem. Upon the death of the algae, they decompose and this 
leads to the depletion of oxygen from the water making it difficult for other 
aquatic organisms to survive. Accumulated phosphorus in the sediments of lakes 
and streams could be rapidly released when these sediments are disturbed for 
instance by a storm or a flood. This makes the idea of phosphorus pollution a long 
term one (Lee and Jones-Lee, 2001).
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2.3.7 Control Policies
The properties of N and P with regard to the objective of reducing 
eutrophication are listed in table 2.2 below. These characteristics could provide 
managers and scientists with the means to attempt to control the effects of 
eutrophication. Phosphorus has been identified as the limiting nutrient in most 
freshwater ecosystems hence its reduction would be accompanied by a significant 
proportional reduction of phytoplankton biomass leading to a reduction in 
eutrophication. The point source control is based on an advanced level of 
wastewater treatment, achieved via an activated sludge treatment process. A 
classical secondary treatment in France is able to achieve approximately 20-30% 
of phosphorus removal as a consequence of phosphorus incorporation into the 
biomass. The enhancement of microbial accumulation of phosphorus beyond the 
metabolic growth needs can improve the results. This can be achieved by 
alternating biomass exposure to aerobic and anaerobic conditions, which ensures 
phosphorus removal at a rate of 60-70% provided that the weather is riot wet and 
the anaerobic tank is stable. A tertiary treatment based on chemical precipitation 
techniques is usually performed which ensures a 95% complete removal of 
phosphorus (Tusseau-Vuillemin, 2001).
Table 2.2: A comparison of Nitrogen and Phosphorus Characteristics 
(Tusseau-Vuillemin, 2001)__________________________________
N
Main bio-available aquatic 
forms
Biogeochemical activity
Main pathway to the rivers 
Human contribution 
Limiting nutrient?
Dissolved inorganic forms:
NH4, n o 3
Atmospheric gaseous stock 
in interaction with the 
biosphere
Diffuse sources (fertilisers 
and agricultural wastes) 
Industrial fixation of N02, 
increased leaching of soils 
Part of the oceans, estuaries
Dissolved forms: 
Orthophosphate anions
poy ,HPOl~ ,h 2po;
Co-precipitates with calcium 
and has strong affinity to 
ferric and aluminium 
oxy-hydroxides 
Point sources (detergents and 
metabolic wastes)
Increased erosion of soils, 
Industrial mining
Most lakes and rivers, part of 
the Mediterranean
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2.4 Eutrophication
2.4.1 What is Eutrophication?
The term ‘eutrophication’ historically was originally applied to lakes by a 
German limnologist Thienemann. He distinguished between the alpine and 
subalpine lakes that are typically unproductive, deep and well oxygenated, which 
he termed ‘oligotrophic’ and the more productive, less deep lakes that portray 
reduced hypolimnetic oxygen concentration in summer stratification, that he 
termed eutrophic (Rast and Thornton, 1997). The etymological significance of the 
term ‘eutrophic’ (‘eu’ means well and ‘trophein’ means nourished in Greek) fits 
well with this definition (Berner and Berner, 1996). Natural eutrophication takes 
place as lakes fill with organic rich sediments over a geological period of time but 
recently, the term refers mostly to cultural eutrophication which is the result of 
rapid and excessive enrichment of a water mass with too many nutrients and or 
organic matter of anthropogenic origin.
Aquatic eutrophication, where environmental waters are enriched by 
nutrients (phosphorus (P) and nitrogen (N)) deriving from human activities, can 
give rise to adverse effects on both the ecology and uses of waters. The definition 
of eutrophication adopted by the Environment Agency is:
"th e  e n r ic h m e n t o f  w a te r s  b y  in o rg a n ic  p la n t  n u tr ie n ts  w h ic h  r e su lts  in  th e  
s tim u la tio n  o f  a n  a r ra y  o f  s y m p to m a tic  ch a n g es . T h ese  in c lu d e  th e  in c r e a s e d  
p r o d u c t io n  o f  a lg a e  a n d /o r  o th e r  a q u a tic  p la n ts , a ffe c tin g  the  q u a li ty  o f  th e  w a te r  
a n d  d is tu r b in g  th e  b a la n c e  o f  o rg a n ism s  p r e s e n t  w ith in  it. S u c h  c h a n g e s  m a y  be  
u n d e s ira b le  a n d  in te r fe re  w ith  w a te r  u s e s" (EA, 2003).
The changes in flora and fauna in lakes and other water masses could be 
attributed to the shift in trophic status from oligotrophic through to eutrophic and 
hypertrophic conditions. Human interventions have however been the key factor 
in accelerating this natural slow process. The natural biogeochemical cycling of 
nutrients in agriculture for the last sixty years has been influenced greatly by the 
input of nutrients in the form of fertilizers and animal feeds. The result of this has 
been an increase in soil nutrient levels which has increased the external loading of 
nutrients to aquatic systems (Burk et al., 2004). The water quality degradation as a 
result of eutrophication can create harmful conditions to continued use of a water
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body for social-economic puiposes. Toxic algae have been described recently as a 
serious global environmental problem and there is increasing political pressure to 
identify and effectively manage causative nutrient sources (Burk et al., 2004).
2.4.2 The Life Cycle of Nutrients and how they interact
Photosynthesis is an essential process as it ensures the chemical 
constituents of rocks and gases enter the trophic chain and makes them available 
for the whole ecosystem. The overall photosynthesis process in water can be 
represented by the following reaction:
106 CO, +16NO; + IIPO{- + \22H10+\UV  trac? elementsaiid solar energy )
1^06^ 263^ 110-^ 16^ 1 +13802
The photosynthesis process illustrated above produces components of 
phytoplankton and dissolved oxygen. Phytoplanktons are consumed by 
zooplanktons. Meanwhile, invertebrates, larvae and fish in turn consume the 
zooplanktons. Eventually, the organic matter produced by the above organisms is 
respired to their original state by heterotrophic bacteria. The balance between 
photosynthesis and respiration controls the oxygen concentration in waters. In 
lakes and seas, the organic matter produced in the surface layers fall down to the 
bottom by gravity and is mostly respired in the deeper layers. Therefore, the 
surface layers are well oxygenated, whereas the bottom layers exhibit a reduced 
oxygen concentration.
The organic matter degradation greatly depends on physical parameters, 
such as volume, depth and the temperature of the waters alongside the ability of 
the bottom layer to meet its oxygen demands (Tusseau-Vuillemin, 2001). The 
decomposition releases nitrogen and phosphorus in their dissolved forms. These 
nutrients eventually reach the eutrophic zone through slow diffusion processes. 
Phosphorus could ultimately be retained depending on the retention capacity of 
the sediments. Feme iron is the primary active phosphorus-retaining compound in 
fresh waters, though its adsorption capacity is highly reduced under anoxia 
conditions where ferric is reduced to ferrous iron. Owing to the complexities of 
eutrophication processes, which include several physical, chemical and biological 
factors, a number of parameters can be used for its evaluation. Chapra and
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Dobson, 1981 provided a criteria for distinguishing between oligotrophic and 
eutrophic water bodies as illustrated in table 2.3 below.
Table 2.3: Criteria for Distiguishing between Oligotrophic and 
Eutrophic Water Bodies (Chapra and Dobson, 1981) ___________
Criteria Oligotrophic lake Eutrophic lake
Concentration of nutrients P< 10 pg/L P > 20pg/L
Biological productivity
< 150 g C/m2/year > 250 g C/m2/year(photosynthesis
productivity)
Depth or Volume (for a 
lake) Depth > 15-25 m Depth < 10-15 m
Turbidity Clear: secchi depth > 5 m Murky, turbid: Secchi depth < 3 m
0 2 in bottom layers in > 50% saturation < 10% saturationsummer
Bottom fauna Diversified, deepwater fish (white fish, salmonids)
Bottom fauna tolerant of 
low oxygen, no deep 
water fish (carp)
Bottom sediments Sandy, inorganic low N Organic rich muck, high inN
Phosphorus (P) is a vital element for the growth of plants and animals and 
its input has long been recognised as essential in maintaining profitable crop and 
animal production. The biological productivity of surface waters can also be 
increased through the input of phosphorus and hence accelerating eutrophication. 
Eutrophication can also be increased by human activities that raise the nutrient 
loading rates to water. Due to the increased growth of undesirable algae and 
aquatic weeds as a result of the process, water utility for fisheries, recreation, 
industry and drinking gets restricted. A periodic surface bloom of cyanobacteria 
(blue-green algae) may appear in drinking water supplies and could be hazardous 
to both animals and human beings. An increased awareness on eutrophication and 
the need for solutions has been attributed to neurological damage in people due to 
exposure to highly toxic and volatile chemicals produced by the algae (Sharpley et 
al., 1999).
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2.4.3 Sources of Eutrophication
There is a possibility that eutrophication can happen naturally but it has 
stalled happening to such an extent that nature is unable to correct itself. With 
man's intervention this process is happening far too frequently. Two of the 
possible causes are described below:
• Intensive farming
• Sewage disposal
2.4.3.1 Intensive Farming
Owing to the increase in the UK’s population there is need to grow more 
crops. If there were unlimited suitable land, then there would be no problem but 
since there is none, more intensive growing is required. This means that the 
farmer ought to grow more crops per area than before. Nevertheless, this may not 
be possible using the customary techniques and hence new ones have to be 
implemented. One such way is to add chemical fertilisers to assist and speed up 
growth. Although this may seem the best approach it may have significant 
negative effects. (SotonUK, 1997).
The phosphorus (P) accumulation on farms has built up its soil levels, 
which often exceeds crop needs. Agricultural runoff and erosion from high P soils 
may be the major contributing factors to surface water eutrophication. Phosphorus 
loss can lead to significant off site economic impacts, which in most cases take 
place miles from the P source. Generally, the concentration of P in water 
percolating through the soil profile is due to P fixation by P deficient sub-soils. 
Exceptions occur in sandy, acidic organic or peaty soils with low P fixation or 
holding capacities and in soils where the preferential flow of water can occur 
rapidly through micropores and earthworm holes. Irrigation, particularly furrow 
irrigation, can significantly raise the potential for water and soil contact and hence 
increase P loss by both surface loss and erosion. The process of irrigation also has 
the ability to greatly increase the land area that can serve as the potential source 
for P movement (Sharpley et al., 1999).
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2.4.3.2 Sewage Disposal
Untreated human sewage is a massive form of food supply for 
decomposing organisms. When sewage is directly pumped into a river or lake it 
becomes an ideal environment for them. These decomposers use up much of the 
available oxygen to breakdown the sewage, which results in eutrophication taking 
place (Soton, 1997).
2.4.4 Effects of Eutrophication
The process of eutrophication is directly related to the aquatic food chain 
(figure 2.5 below). Carbon dioxide, inorganic nitrogen, orthophosphate, and trace 
nutrients are utilised by algae for growth and reproduction. Microscopic animals 
(zooplankton) thrive on algae and small fish feed on zooplankton whereas big fish 
feed on small fish. The productivity of the aquatic food chain depends on the 
availability of nitrogen and phosphorus, often in short supply in natural waters.
The limitation of plant nutrients controls the amount of plant growth and 
balance of the food chain. Excessive nutrients promote blooms of blue-green 
algae, which are not suitable as food for zooplankton. Therefore, the water 
becomes turbid and under severe conditions takes on the appearance of pea soup. 
Floating masses of algae are blown to the shore where they decompose producing 
a pungent smell. Decaying algae also settle on the bottom reducing dissolved 
oxygen. Shorelines and shallow bays become choked with weed with prolific 
growth of rooted aquatics. Edible fish cannot thrive in such an unfavourable 
environment and as eutrophication intensifies, they are replaced by a succession 
of increasingly tolerant fishes. Figure 2.6 below illustrates how over fertilisation 
can affect a lake. Algae growth created in the sunlit epilimnion can settle into the 
hypolimnion, which is normally dark and stagnant during lake stratification. 
Bacteria decomposition of these cells and organic bottom mud deplete dissolved 
oxygen in the bottom zone. Reduced dissolved oxygen has been related to the 
reduction of commercial fishing in some eutrophic lakes and treatment of water 
supplies is complicated by the removal of taste and odours created by algae bloom 
in the epilimnion and anaerobic conditions in the hypolimnion (Hammer and 
Hammer, 1996).
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Normal food chain Larger fish
Nitrogen and phosphorus
Excess nitrogen and Coarse fish
shorelines o f water oxygen decay
Figure 2.5: Aquatic food chain unbalanced by Eutrophic Compared 
with Normal Succession (Hammer and Hammer Jr., 1996)__________
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Odours from algae and 
decaying organic matter
Sunlight
Mixed 
epilimnion
Stagnant
hypolimnion
Decomposing plants
Wind
mixing
Organic matter settling from the 
epilimnion is decomposed by bacteria 
reducing DO
Highly organic bottom 
mud’s result in anaerobiosis
m
Figure 2.6: Physical and Biological Features of Eutrophic Impounded 
Water (Hammer and Hammer Jr., 1996)
However, the most devastating aspect of eutrophication is that the process 
seems to be too intricate to slow down. Orice a lake is rendered eutrophic, it stays 
in the same condition for a long duration even with the reduction of nutrients from 
point sources. This could be attributed to long water renewal (detention) time, 
which reduces the rate of flushing.
2.5 A Case Study on Lake Victoria Kenya
2.5.1 Introduction
The large lakes of the East. African Rift Valley are unique natural 
resources that are heavily utilised by their bordering countries for transportation, 
water supply, fisheries, waste disposal, recreation and tourism (Odada et al., 
2004). Lake Victoria is the second largest freshwater body in the world with an 
area of 68,800 km2. It is generally shallow with a maximum depth of 84 m and 
mean depth 40 m. It has an irregular shoreline of about 3,440 km in length and 
lies in catchments of about 184,000 km2 in area. The lake lies straddling the 
equator between latitude 2.5°S and 1.5°N, and longitude 32° and 35°E. It is shared 
by three states (figure 2.7) namely Kenya 6%, Tanzania 51%, and Uganda 43% by 
area. Lake Victoria catchments are composed of parts of five countries namely
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Kenya, Tanzania, Uganda, Burundi, and Rwanda and drained by a number of 
large rivers (Kagera, Nzoia, Gucha Migori, Sondu Miriu, Mara, Yala, Issanga, 
Nyando and Biharamulo) plus many small rivers and streams. River Nile is the 
solitary outlet (Twong'o and Sikoyo, 2004). Lake Victoria surrounds several 
groups of large Islands (e.g. the Sesse or Kalangala and Buvuma of Uganda; 
Ukerewe of Tanzania and the Rusinga of Kenya) and many small ones. 
Historically the Lake’s shores were fringed with extensive papyrus {Cyperus 
papyrus) dominated wetlands, and dense forest patches of tropical rain forests 
characterised many of the Islands as well as large sections of the catchments. 
Much of the forest cover and the wetlands, especially on mainland catchments, 
were severely degraded through excessive resource use by a rapidly rising human 
population (estimated at about 30 million in the late 1990’s).
The diverse multi-species commercial fishery reported in the lake has been 
reduced to basically three species, two of which are alien to the lake basin (Nile 
perch Lates niloticus, Nile tilapia Oreochromis niloticus and dagaa Rastrineobola 
urgentea). These changes together with the decline in water quality are a cause for 
concern regarding sustainability of fish production, probably the most important 
resource from Lake Victoria. Given the severity of some of the above changes, the 
formulation of counteractive strategies is urgently required (Twong'o and Sikoyo, 
2004).
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Figure 2.7: General Features of Lake Victoria Basin (Odada et al., 
2004)_____________________________________________
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2.5.2 Demographic and Physical Characteristics
The demographic and physical characteristics of Lake Victoria basin are 
represented in table 2.4 below.
Table 2.4: Demographic and biophysical Characteristics of the inlet 
drainage basins of Lake Victoria (Est. -  Estimate; Ave. -  Average)
(Odada et al., 2004)____________________________________________
River Basin Countries
sharing
basin
Est.
basin
Size
(km2)
Ave. est. 
2000 
pop. 
Density 
(km2)
Est. total 
pop. In 
2000
Ave.
annual
rainfall
(mm)
Ave.
sediment
transport
capacity
index
Ave.
%
slope
Nzoia/Yala Kenya 15,143 221(4:15) 3,346,000 1,306 0.14 2.3
nyando Kenya 3,517 174(4=12) 611,000 1,360 0.30 5.0
Sondu Miriu Kenya 3,583 220(4=14) 788,000 1,415 0.14 2.3
Gucha Kenya 6,612 224(4=18) 1,481,000 1,300 0.16 2.0
Mara Kenya/
Tanzania
13,915 46(4:56) 640,000 1,040 0.15 2.0
Gurumeti Tanzania 12,290 21(4:26) 258,000 879 0.12 1.6
Mbalageti Tanzania 5,702 37(4:22) 211,000 766 0.05 0.6
Duma/Simiyu Tanzania 9,702 50(4:26) 485,000 804 0.06 0.5
Magoga/Muame Tanzania 5,104 88(4:47) 449,000 842 0.05 0.4
Isonga Tanzania 8,972 48(4:22) 430,000 897 0.04 0.3
Kagera Tanzania,
Uganda,
Burundi
59,158 181(±19) 10,711,000 1,051 0.24 3.0 '
Lake edge Kenya,
Tanzania,
Uganda
40,682 133(4:17) 5,411,000 1,077 0.21 1.4
The human population around the Lake Victoria basin is experiencing 
rapid growth. It supports one of the poorest rural populations around the world 
with a population density of above 100 km"2. It is a multi-ethnic community, 
which is expected to double within the next two decades. Lake Victoria has 
undergone enormous environmental changes within the last 40 years. Siltation 
from the erosion of deforestation watersheds, industrial pollution, eutrophication 
and climate change are contributing to the tremendous evolving changes in the 
lake that threaten its ecosystem function and overall diversity. Nearly half of the 
lake floor experiences prolonged anoxia spells for several months of the year 
compared to 4 decades ago when anoxia was sporadic and localised.
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This could be attributed to thermal stratification developing at the 
sediment-water interface over an extended period that inhibits atmospheric 
oxygen from reaching deeper waters (Prepas and Charette, 2003). The 
concentration of algal biomass today is almost 5 times greater in the surface 
waters than reported in the 1960s, an indication of a higher rate of photosynthetic 
activities in the lake (Odada et al., 2004). The transparency values and silica 
concentration have gone down by one third and one tenth respectively from what 
they were about 40 years ago. The foregoing environmental changes caused by 
either natural or anthropogenic conditions, have severely impacted the lake’s fish 
population (Odada et al., 2004).
2 .5 .3  W a te r  as a R e so u r c e  o f  L a k e  V ic to r ia
The most essential resource base for Lake Victoria is water and without it 
all other aquatic resources would cease to exist. A recent integrated water 
quality/limnology study conducted by the Lake Victoria Environmental 
Management Program (LVEMP) provided useful information concerning the 
meteorological and hydrological situation in the catchments of the lake. 
Continuous rainfall and evaporation data were generated based on the available 
records in the riparian states. These were then used to calculate the final 
discharges for each individual river catchment or basin (Twong'o and Sikoyo, 
2004). The discharge of rivers and streams draining the catchments was compiled 
as shown in table 2.5 below. The largest long term average discharge of 33% by 
volume arose from river Kagera. On the other hand, 82% of the water input into 
the lake came from rainfall direct into the lake (Table 2.6) while 18% was 
contributed by runoff from the terrestrial catchments. Meanwhile, 76% of the 
water loss from the lake was as a result of evaporation, which is about 3 times the 
outflow through the single land outlet, the river Nile.
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Similarly, the LVEMP study above generated estimates of nutrient loads 
into Lake Victoria from both non-point (catchments and atmosphere) and point 
sources (industrial and municipal effluents) (Table 2.7) (Twong’o and Sikoyo, 
2004). The contribution of nutrients from industrial and municipal sources was 
significant for local inshore area as shown in table 2.8.
Table 2.5: Long-term average discharges from the river basins in 
Lake Victoria catchments (Twong'o and Sikoyo, 2004)_____________
C H A P T E R  2
LITERATURE REV I E W ______________________________________
Country Basin Discharge
(mV1)
Percentage (%)
Kenya Sio 11.4 1.5
Nzoia 115.3 14.8
Yala 37.6 4.8
Nyando 18.0 2.3
North Awach 3.7 0.5
South Awach 5.9 0.8
Sondu 42.2 5.4
Gucha-Migori 58.0 7.5
Tanzania Mara 37.5 4.8
Grumeti 11.5 1.5
Mbalageti 4.3 0.5
East Shore Streams 18.6 2.4
Simyu 39.0 5.0
Magogo Maome 8.3 1.1
Nyashishi 1.6 0.2
Issanga 30.6 3.9
South Shore Streams 25.6 3.3
Biharamulo 17.8 2.3
West Shore Streams 20.7 2.7
Kagera 260.9 33.5
Uganda Bukora 3.2 0.4
Katonga 5.1 0.7
North Shore Streams 1.5 0.2
Total 778.3 100.0
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T a b le  2 .6 : A v e r a g e  in f lo w s  to  a n d  o u tf lo w  fro m  L a k e  V ic to r ia  
(T w o n g 'o  a n d  S ik o y o , 2 0 0 4 )_______________________________________________
A v e r a g e  1 9 5 0  -  2 0 0 0 F lo w s  ( m V 1) P e r c e n ta g e  (% )
I n f lo w s
R ain  o v e r  lak e 3631 82
B asin  d isch a rg e 778 18
O u tflo w s
E v a p o ra tio n  from  lak e -3330 76
V icto r ia  N ile -1046 24
S u m 33
T a b le  2 .7 : N u tr ie n t  P o llu t io n  L o a d s  to  L a k e  V ic to r ia  (T w o n g ’o a n d  
S ik o y o , 2 0 0 4 )______________________________________________________________
S o u r c e B O D  ( to n s /y e a r ) T o ta l  N itr o g e n  
( to n s /y e a r )
T o ta l  P h o s p h o r u s  
( to n s /y e a r )
C a tch m en t 0 49,510 5,690
A tm o sp h ere 0 102,150 24,400
In d u stry 5,610 410 340
M u n ic ip a l 17,940 3,510 1,620
T o ta l 2 3 ,5 5 0 155,580 32 ,050
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Table 2.8: Nutrient loads to local inshore area (Twong’o and Sikoyo, 
2004)________________________________________________________
Focus Area Source BOD
(tons/year)
Total
Nitrogen
(tons/year)
Total
Phosphorus
(tons/year)
Winuin Gulf Catchment 
Atmos. Dep.
• 2,327 547
Industrial 455 3 1
Municipal 3,908 664 294
Total 4,363 2,994 842
Mwanza Gulf Catchment 
Atmos. Dep.
" 566 101
Industrial 2,838 289 185
Municipal 3,815 520 208
Total 6,653 1,375 495
Murchison Bay Catchment 
Atmos. Dep.
* - -
Industrial 781 53 45
Municipal 1,512 389 267
Total 2,293 442 312
2.5.4 Eutrophication in Lake Victoria
The three main causes of eutrophication in the Lake Victoria basin are 
enhanced effluent discharge, runoff and storm water alongside enhanced 
discharge of solids. Tea and coffee farming introduced at the time of colonialism 
became an important source of income to the riparian countries. A greater 
proportion of the area under tea and coffee is situated in the headwaters of streams 
feeding Lake Victoria. In areas that were once wetlands, cane and rice farming 
were introduced. In order to ensure high levels of crop production, inorganic 
fertilizers are used extensively. The modification of habitat by vegetation 
clearance enhances soil erosion contributing to increased suspended solids in the 
lake. An excess of both nutrients and soil are transported into the lake by runoff 
and storm water from the tropical rains. Wetlands around the lake that once acted 
as natural filters of silt and extracted excess nutrients entering the lake have been 
severely reduced (Bucceri and Fink, 2003).
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An example is the draining of the Yala Swamp in Kenya to create land for 
agriculture and settlement (Odada et al., 2004). Soap and detergents that are 
utilised within the lake basin are outdated or banned, but are contributing to the 
lakes eutrophication. Nutrient loads to the lake are mainly associated with 
atmospheric deposition and land runoff, which accounts for approximately 90% of 
the phosphorus input into the lake. The high atmospheric nutrient loads are as a 
result of forest burning and increased dust due to soil erosion attributed to wind. 
Sand harvesting activity performed mainly within the perimeter of the lake in 
particular Ahero and Winam divisions of Kenya and along the shores of the lake 
contribute to its nutrient loads (Odada et al., 2004). Internal phosphorus loading or 
the recycling of phosphorus from bottom sediments usually occurs and/or is 
enhanced after an extensive history of eutrophication and phosphorus enrichment 
of sediments due to high rates of organic sedimentation.
In some eutrophic systems with a long history of external phosphorus 
enrichment, recovery can be delayed due to the release of biologically available 
phosphorus enrichment of sediments. Sediment phosphorus release is regulated by 
the intensity of oxidising or reducing conditions within an aquatic system (Prepas 
and Charette, 2003). The latter part of the twentieth century has been marked by 
escalating inputs of phosphorus, nitrogen and silt into the lake. Stimulated by 
these and other nutrients is the five-fold increase in algal growth since the 1960s 
and the shift towards its domination by blue green algae.
The once clear lake waters are now cloudy near the surface and sterile at 
the bottom due to deoxygenation (figure 2.8) of the deep water of the lake. This is 
attributed to the decomposition of organic matter at the bottom part of the lake. If 
the temperature of the lake increases, then the concentration of soluble oxygen in 
the lake water decreases, leading to an increase in the metabolic rate of its oxygen 
consumers. The physical structure of the water column determines the nutrients 
and biota of Lake Victoria in conjunction with seasonality. The Lake Victoria 
basin has two wet seasons. The longer season falls between March and May while 
the shorter one occurs between October and December. The cooler and windy 
months fall between June and September. The phytoplankton biomass are at their 
yearly maxima during the rainy season of September to April.
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This is due to the runoff and wet deposition of nutrients into the lake, thus 
seasonality greatly determines the phytoplankton biomass of the lake (Prepas and 
Charette, 2003). Owing to its large volume and relatively small outflow, Lake 
Victoria has a long flushing time estimated at 140 years making the recovery of 
the lake extremely slow since pollutants are retained for a long time (Hecky and 
Bootsma, 1993).
juM
Figure 2.8: Depth Profile of Oxygen, bio-available phosphorus (SRP), 
Nitrate (NO3) and Ammonium (NH4) concentrations in 1961 and 1990 
during Lake Victoria stratification (Prepas and Charette, 2003)_____
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2.5.5 Water Hyacinth
Water hyacinth (Eichhornia crassipes) has widely been reported to have 
originated from Brazil. It was first described from wild plants collected from river 
Francisco in 1824. Its presence in Africa was first reported in Egypt between 1879 
and 1893. It is believed that the weed entered the lake via the river Kagera which 
drains the Rwanda and Burundi water catchments in 1990. A fresh water weed 
species, it has been known to thrive well in nutrient enriched fresh waters particularly 
in the tropical climatic zones (Makhanu, 1997).
The presence of water hyacinth in Lake Victoria (figure 2.9) serves as an 
indicator of the high level nutrient enrichment in its water especially by phosphorus 
and nitrogen (Twong’o and Sikoyo, 2004). The exchange of oxygen across the air and 
water interface on Lake Victoria is severely reduced due to the canopy created by the 
water hyacinth resulting in less dissolved oxygen. It also generates large amounts of 
organic matter which when decomposed increase biological oxygen demand leading 
to deterioration in water quality. The reduction of oxygen levels and increase in 
biological oxygen demand in the lake has led to a massive kill of fish (Osumo, 2001). 
The infestation of water hyacinth inflicts detrimental impacts on the social-economic 
interests of the Lake Victoria. These include fisheries, water transport, hydroelectric 
power production, human health and increases costs of water treatment. In addition, 
biodiversity has been displaced due to anoxia and poisonous gases such as ammonia 
and hydrogen sulphide under the water hyacinth canopy.
Figure 2.9: Water Hyacinth - a weed menace in Lake Victoria .
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2 .5 .6  W a ste w a te r  T r e a tm e n t
There are numerous major urban centres along the shores of the Lake 
Victoria. The Kenyan side of the Lake has Kisumu city, which is the largest port 
on the Lake, and Homabay town, while Tanzania’s Mwanza, and Uganda’s 
industrial city of Jinja are also port cities located along the Lake. Municipal 
pollution is thus a major concern mainly caused by effluent from factories and 
sewage from towns. Oil and grease, dyes from textile industries, breweries’ 
effluent and sludge, blood from slaughter houses and fish processors, heavy and 
corrosive metals discharged by factories and pharmaceutical wastes, are some of 
the harmful elements that find their way into Lake Victoria from these towns. 
Kisumu's sewage plant at Kisat with a design capacity of 9000 cubic meters now 
receives 15000 cubic meters of effluent, much of which flows into Lake Victoria 
without treatment (figure 2.10). Homabay town also on the Kenyan side of the 
lake, whose sewage treatment plant at one time had a state of the art aerator and 
pump station for sewage treatment, has had to do without them after they broke 
down due to lack of funds for repair and maintenance. The plant has been 
restricted to the natural treatment of sewage, which is insufficient in the absence 
of mechanical backup (Wanzala, 2004). In Kakamega, sewage lagoons at 
Nabongo have been neglected for more than 3 years and are grossly inefficient.
In Uganda, point sources and non-point sources such as deficient sewage 
and industrial wastewater plants, small-scale workshops, waste oil from parking 
lots and car repair garages are major sources of pollution load for the lake. The 
sewer system in Kampala city serves only a small fraction of the city population 
and only 10% of all sewage generated in Kampala gets treated. Guest houses, 
slum dwellings and industries discharging untreated wastewater into Nakivubo 
channel, which flows into Murchison Bay contribute to pollution load and 
depleted oxygen levels in Lake Victoria. Nakivubo Channel carries approximately 
75% of the nitrogen and 85% of phosphorus nutrient load discharged daily into 
Murchison Bay (Kalibbala, 2005).
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The high nitrogen and phosphorous levels are responsible for excessive 
eutrophication and algal blooms seen in the Bay. Habitually, Murchison Bay is 
enclosed in a green floating blanket of algae that is as glutinous as wall paint. 
Algal blooms obstruct water treatment plants, deoxygenate lake water causing fish 
die-offs and a skin condition known as ‘swimmers itch’. Murchison Bay is home 
to water treatment plants that supply Kampala city and neighbouring towns. The 
National Water & Sewerage Corporation (NWSC) of Uganda is experiencing 
increasing treatment costs because lake water is dirtier and increasingly expensive 
to treat to a potable quality. Ironically, the largest polluter of Lake Victoria is 
NWSC's Sewage Treatment Plant at Bugolobi, with a discharge of 15,000 m3/day 
of inadequately treated sewage into Murchison Bay (Kalibbala, 2005). Tanzania's 
town of Mwanza situated near Lake Victoria discharges large quantities of 
untreated waste into Lake Victoria. Waste from fish processing factories, oil 
processing plants, textile facilities and tanneries is discharged into the lake 
without pre-treatment. Evidently, it is the discharge of untreated effluent and the 
lack of enforcement of discharge standards that are destroying the ecosystem of 
Lake Victoria.
Figure 2.10: Untreated wastewater discharges into Lake Victoria.
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The use of liquid-liquid extraction in wastewater treatment and in 
particular for phosphates removal seems to be a promising solution for the towns 
neighbouring Lake Victoria. With the elimination of the phosphates from the 
wastewater that enters the lake, there will be a positive effect in the reduction of 
the eutrophication in the lake.
2.6 Water and Wastewater Regulations
An effective programme to manage drinking water quality depends ideally 
on the existence of adequate legislation, standards and codes. The basic legislation 
defines the functions, authority and responsibilities of the water supply and 
surveillance agencies. The standards and codes ought to specify the quality of 
water to be supplied to the consumer, the practices to be adhered to in selecting 
and developing water sources and in treatment processes and the water system and 
procedures for approving water systems in terms of quality. The specific nature of 
legislation in each country depends on national, constitutional and other 
legislations (WHO, 1997).
The directive relating to water quality intended for human consumption 
was approved on 15 July 1980. This applied to all water supplied for consumption 
by humans and that used in the production of food or in processing or marketing 
products intended for human consumption. The directives are intended to be 
enacted in member states through the introduction of national legislation in the 
form of statutory instruments. In England and Wales, the directive was 
implemented by the enactment of the water supply (Water Quality) regulation 
1989 and as amended by Water Supply (Water Quality Amendment) regulations 
1989 and 1991 (Gray, 1994). In November 1998, the directive 98/83/EC on the 
Quality of Water Intended for Human Consumption was adopted as European 
law, replacing the existing directive 80/778/EEC. Generally, in line with the 1993 
World Health Organisation (WHO) guidelines, the directive sets new standards 
for water intended for drinking and other domestic purposes, and water used in 
food production undertakings. Member States are also required to take all 
necessary measures to ensure that regular monitoring is earned out in order to 
meet these standards. These regulations are essential to transpose and implement 
for England as per the requirements of the new directive.
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The new regulations replace and consolidate existing drinking water 
regulations (S.I. 1989/1147, amended by S.L 1989/1384, 1991/1837 and 2790, 
1996/3001 and 1999/1524). They are aimed at directly affecting water undertakers 
who will need to cany out improvements to treatment works and distribution 
systems to conform to the new requirements. The regulations will at the same time 
have an impact on consumers and businesses in the form of higher charges. This 
Regulatory Impact Assessment assesses the expenses of meeting the new 
requirements imposed by directive 98/83/EC for public water supplies. It does not 
account for continuing costs of meeting the existing drinking water standards. 
Expenses to the food and drinks industry and bottled water producers will be 
assessed by the Food Standards Agency when amending their regulations. 
Expenses related to private water supplies will also be assessed independently 
when private supply regulations are drafted (DEFRA, 2003).
2.6.1 Urban Wastewater Treatment Directive (UWWTD)
The UWWTD comprises standards to be achieved for total nitrogen and 
phosphorus for a given area with a population equivalent (p.e.) of more than 
10,000. The requirements for discharge from urban wastewater treatment plants to 
areas that are sensitive and subject to eutrophication, are identified as shown in 
table 2.9 below. Depending on the local situation, one or both of the parameters 
may be applied and the concentration values or percentage of reduction will be 
considered (DEFRA, 2003).
Table 2.9: Urban Wastewater Discharge Requirements to Sensitive 
Areas (DEFRA, 2003)._________________________________________
Parameters Concentration Minimum percentage of 
reduction
Total phosphorus 2 mg/1
(10,000-100,000 p.e.)
1 mg/1
(more than 100,000 p.e.)
80
Total nitrogen 15 mg/1
(10,000-100,000 p.e.)
10 mg/1
(more than 100,000 p.e.)
70-80
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To this end, the directive aims at reducing the pollution of freshwater, 
estuaries and coastal water resources resulting from domestic sewage, industrial 
wastewater and urban surface run-off. The directive came into force in 1991 
(Kohler, 2006) and member states are required to send a situation report on the 
most recent development related to the implementation of the delivery of the 
directive every two years (Hansen and Kranz, 2003). The directive sets targets and 
limit values that the treatment efforts must reach including monitoring and 
evaluating procedures of results. Alternative systems may be used in case of 
excessive costs for treatment systems that will result in achieving the same level 
of environmental protection. With regal'd to industrial wastewater, discharge into 
collecting systems and treatment plants is subject to prior regulation and/or 
specific authorisation and subject to forms of pre-treatment. This include the 
provision that the resulting sludge can be disposed safely in an environmentally 
acceptable manner (Hansen and Kranz, 2003). Since the above regulations are 
responsible for UK and European Union in general, it would be advisable for Kenya 
and other countries neighbouring Lake Victoria to follow and abide by the WHO 
regulations in ensuring that the wastewater treated effluents that enter the lake meet 
the WHO requirements.
2.7 Phosphorus Removal Technologies
2.7.1 Background
At the end of 19th century, great efforts were made in testing and 
implementing technological designs based on physical and chemical methods due 
to the difficulties with biological wastewater treatment plants. Chemical 
precipitation methods with lime followed by the use of aluminium and iron salts 
were introduced (Rybicki, 1998). The chemicals were able to precipitate 
phosphorus by chance as well as achieving organic matter removal hence 
improving biological oxygen demand (BOD). However, phosphorus removal was 
acknowledged as a non-essential process until the early 1950’s when some 
investigations were initiated. Experiments were conducted in the United States 
during World War II on the chemical precipitation of phosphorus from 
wastewater mainly to obtain a fertilizer during the shortage period of mineral
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phosphorus fertilizer constituents (apatites) usually imported from North Africa 
(Rybicki, 1998).
It is the investigation of the nature of the eutrophication process initiated 
in late the 1940s that led to advanced and highly effective phosphorus removal 
technologies (Rudolf, 1947). In the early 1960’s, chemical precipitation had been 
put into operation in Switzerland. This was conducted by adding the chemicals 
before the primary clarifiers in the conventional biological treatment plants. The 
Scandinavian countries also applied similar methods, where chemicals were added 
prior to primary clarifiers or directly to the activated sludge chamber (Rybicki, 
1998).
Levin and Shapiro, 1965 investigated the possibility of biological 
mechanisms for phosphorus removal. Their work focused on phosphorus uptake 
by an activated sludge subjected to both aerobic and anaerobic conditions. This 
led to the discovery that phosphorus uptake surpasses the requirements for the 
photosynthesis. Similarly, they observed that approx. 80% of phosphorus uptake 
from wastewater was under aerobic conditions. They also observed in further 
experiments that uptake and release of phosphorus were reversible processes. 
Meanwhile, their work became a predecessor of the Phostrip process. 
Observations made by Barnard on the multiphase biological reactor for 
phosphorus and carbon compound removal became the basis for designing 
modern reactors (Bernard, 1983).
2 .7 .2  T e c h n o lo g ie s  a n d  th e ir  D e v e lo p m e n t
Phosphorus is usually present in wastewater mainly in soluble form. The 
sedimentation processes can only manage to remove about 15% of the total 
phosphorus load. The general principle involved in phosphorus removal is the 
conversion of the soluble phosphorus to either non-soluble either as a precipitated 
chemical compound, adsorbed on another chemical compound through ion 
exchange procedures, or embedded in a micro-organism cell which is finally 
separated from the wastewater. The methods can be divided into three groups:
• Physical-chemical methods
• Biological methods
• Combined (Physical-Chemical and Biological methods)
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2.7.2.I Conventional Physical-chemical Methods
The ionic forms of aluminium, iron and calcium, are the practical 
materials normally used for phosphorus precipitation. The chemistry involved in 
phosphorus removal by interaction of metallic ions is a complex one. Phosphorus 
reacts as the orthophosphate form PO43' while the polyphosphates and organic 
phosphates are removed by more complex reactions and sorption on floe particles 
(De-Renzo, 1978). This process could be used in various technological schemes 
depending on where the dosage point is allocated such as
• Primary precipitation in mechanical wastewater treatment plants
• Primary precipitation prior to further biological treatment
• Simultaneous precipitation by adding chemicals at the final zones of the 
activated sludge reactor.
• Final precipitation.
The major focus in recent studies has been on optimisation of the dosing 
point. Simultaneous precipitation is used quite often especially as an optional 
operation scheme during periods of reduced efficiency of biological phosphorus 
removal. At plants designed to ensure stable low concentration of phosphorus in 
the outflow, where efficient suspended solid removal is required, contact filtration 
is applied (Rybicki, 1998). Meanwhile, other physical-chemical technologies used 
in phosphorus removal processes are:
• Electrolytic process
• Crystallisation
• Magnetic separation
• Adsorption processes
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2.7.2.2 The Electrolytic Method
The use o f  electricity for wastewater treatment was initially patented in 
England in the year 1856, although no success in routine operation was 
documented. Precipitation by iron compounds (oxides) was observed at one o f  the 
electrodes. The Landreth Direct Oxidation Process which was based on 
electrolytic precipitation combined with lime precipitation was later developed  
(Rybicki, 1998). In 1935, a report by a committee on sewerage gave a summary o f  
the full-scale application on the Landreth process as not quite successful since 
there were no visible advantages observed over lime only use. In 1950’s Foyn 
revived the work on electrolytic treatment o f  municipal sewage mixed with sea 
water. His experiments were the first to investigate the problem o f  nutrient 
removal. Similarly, he was able to observe a reliable phosphorus removal, with a 
reduction in its content in treated wastewater to 1 mg/L (Rybicki, 1998). In 1991, 
Groterud and Smocyzynski used both aluminium electrodes for phosphorus 
electro-precipitation and carbon electrode for electro-chlorination. They 
concluded that keeping stable levels o f  chloride concentration is essential for the 
economic feasibility o f  the process. Due to the increase in salinity o f  the treated 
wastewater, it renders the method unsuitable for water reuse in industrial circuits. 
Figure 2.11 gives an illustration o f  an electrolytic phosphorus removal method.
Figure 2.11: An Illustration of the process of electrolytic Phosphorus 
removal method (Rybicki, 1998)_________________________________
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2.7.2.3 Crystallisation process
Most wastewaters are supersaturated with respect to calcium and 
phosphate compounds. The elementary principle of the crystallisation process is 
to lower the interfacial energy by supplying a suitable seed material hence 
triggering the deposition of calcium phosphate compounds onto the seed material 
surfaces. This ensures equilibrium is achieved between calcium ions and the 
phosphate ions (Berg and Shaum, 2005). Joko, 1984 demonstrated a long-term 
operation of the crystallisation process for the removal of phosphorus from 
biological treated wastewater by crystallisation of hydroxyapathyte 
(( Cci5 (OH)(P04 )3). The stoichiometry of the chemical reaction involved is:
3HPO]~ +5Ca2+ +40H~ -+ Ca5(OH)(POA)3 +3H 20
The experiments by Joko at Yamato wastewater treatment plant in Japan, 
demonstrated a reduction of P levels from 1-4 mgP/dm3 in biological treated 
wastewater down to 0.3-1.0 mgP/dm after the crystallisation process. Increased 
sludge volumes, normally a drawback of conventional precipitation methods, are 
avoided by employing seed crystal induced phosphate elimination. Promising 
laboratory and pilot plant scale results have been obtained in Japan using 
tobermorite pellets as seed material for deposition of phosphorus minerals in a 
fluidised bed. However, this technology is suitable for EBPR processes as the pH 
is greater than 9.5 (Berg and Shaum, 2005).
In Germany, P-RoC which stands for the process of phosphorus recovery 
by crystallisation has been developed in cooperation with Austrian engineers (see 
figure 2.12). P-RoC removes phosphorus in wastewater as calcium phosphates by 
the application of tobermorite rich waste material, which is in the form of calcium 
silicate hydrates. The advantage of using calcium silicate hydrate as seed material 
is the impassivity against the influence of organic substance compared to calcite 
(Berg and Shaum, 2005). Three types of technologies (fixed bed, expanded bed, 
stirring reactor) were investigated and compared with respect to efficiency and 
economy.
48
C H A P T E R  2
LITERATURE REVIEW
The crystallisation process using a continuous flow stirring reactor was 
observed not only to yield high optimal results but also to be economical. The 
generated products from the crystallisation process can be reused as a substitute 
for phosphate rock in the phosphate industry as well as a fertiliser.
Crystallisation reactor
Effluent
inlet
Flotation
" L
CSH seed
Clean water
Excess sludge T
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Calcium Phosphate
Agriculture Solar 
Drying
Phosphate
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Figure 2.12: Flow chart of P-RoC process (Berg and Shaum, 2005)
2.7.2.4 Magnetic Separation
The possibility of phosphate elimination by high-gradient magnetic 
filtration technology was initially explained by de Latour 1973. His experiment 
involved adding 1000 mg/L magnetic powder (Fe304), 75 mg/L aluminium 
sulphate (A12(S04)3.18H20) and 30 mg/L montromorillite to a model sewage 
sample containing up to 6 mg/L of phosphorus. After agitating the mixture for a 
few minutes, the supernatant was passed through a high-gradient magnetic filter at 
a filtration rate of 290 m/h. This filter was located in the operation volume of a 
solenoid with a flux density of 0.5 Tesla.
In the concentration ranges of between 4-6 mg/L of phosphorus, a 
separation efficiency of 70-80% was achieved. Shaikh and Dixit, 1992 re­
examined de Larour’s work by using a minute background field of 0.07 Tesla and 
a reduced filtration rate of 20 m/h. These parameters allowed them to achieve an 
outflow of less than 1 mg/L of phosphorus from a starting initial concentration of
49
C H A P T E R  2
LITERATURE REVIEW
20 mg/L. A Dutch company managed to incorporate the bench scale ideas of 
HGMF on an industrial scale, which they named ‘squamag’ with a background 
field of 0.2 Tesla. The Tokyo city administration, an organisation in charge of 
sewage treatment in Japan, also conducted semi-technical studies on the HGMF 
process for phosphates elimination utilising a flux density of 0.3 Tesla (Franzreb 
and Holl, 2000).
Despite numerous advantages, HGMF methods have not generally been 
fully accepted in the field of phosphates removal in comparison to conventional 
filtration and sedimentation processes. This is due to the enormous requirements 
in recovering magnetite and high energy consumption. In order to circumvent the 
problems, synthetic magnetite has been produced by a precipitation process, with 
particle sizes of approximately 50-100 nm. The smaller sizes of the synthetic 
magnetite produced reduces the magnetite dosage required for phosphate removal; 
hence a recovery process becomes unnecessary. Meanwhile, the use of permanent 
magnets helps in mitigating the problem of high energy consumption (Franzreb 
and H511, 2000). A flow diagram of a magnetic P removal process is given in 
figure 2.13 below.
C h e m ic a l
F e e d p o in t
C o a g u la t io n
B io lo g ic a l ly  tr e a te d  
w a s te w a te r
M a g n e t ic
r e c ir c u la t io n
M a g n e t ic
se p a r a t io n
r e a c to r
T r e a te d
w a s te w a te r
Figure 2.13: The Magnetic Phosphate removal process (Rybicki, 
1998) _____________________________________________________
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2.7.2.5 Ion Exchange Processes
Ion exchange has been widely utilised in different fields of science and 
technology since the middle of the last century as a powerful separation and 
purification technique. Chemical precipitation and Biological Nutrient Removal 
are the two most frequently used methods for the removal of phosphates from 
both municipal and industrial wastewater (Zhao and Sengupta, 1998). However, 
these processes are limited by seasonal and diurnal variations in temperatures and 
changes in feed compositions. Similarly, the processes cannot attain complete 
removal of phosphates due to thermodynamic and kinetic limitations (Zhao and 
Sengupta, 1998). Extensive studies have been undertaken over the years to 
explore the effectiveness of fixed bed processes for phosphate removal because of 
their operational simplicity and adaptability to changing wastewater flow rates 
and compositions.
Commercial anion exchangers, activated alumina and zirconium oxides 
are well-investigated sorbents with regard to phosphates removal. Some of the 
limitations of these sorbents are poor selectivity towards phosphates over 
competing species, low capacity in the neutral range, inefficient regeneration and 
gradual loss in capacity because of dissolution of the sorbent or fouling by organic 
matter. Due to the foregoing limitations, a need to develop a viable sorbent 
became apparent. The sorbent in the fixed bed process ought to be durable and 
prefer phosphate over other species. Nevertheless, for it to be cost effective, it 
should be amenable to efficient regeneration for multiple usages for large scale 
applications (Zhao and Sengupta, 1998). The Ion Exchange Isotherm Super­
saturation Technique has been investigated as a method of synthesising struvite 
from wastewater. Struvite obtained using this method has been observed to be of 
high purity. Stable super-saturated struvite solutions were obtained by stripping 
magnesium from lewatite CNP80 cation exchange resin in Mg form by using 
ammonium phosphate and dihydrophosphate solutions under batch and dynamic 
conditions (Mijangos et al., 2004). A schematic diagram of an ion exchange 
process for phosphates removal is presented in figure 2.14 below. Secondary 
wastewater is the incoming stream, while the phophoms-ffee treated water is the 
only exiting stream. The sorbent is a polymeric ligand exchanger (PLE). 
Magnesium and ammonium chlorides are added to the spent regenerant to
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precipitate fertilizer in the form of magnesium ammonium phosphate. The 
supernatant liquid (primarily NaCl) is free of phosphate and is recycled for reuse 
as a regenerant (Zhao and Sengupta, 1998).
Influent
wastewater
M g C l2, N H 4C1 R eg . E lu e n t
M g (N H 4) P 0 46 H 20
=#
(Regenerant) 
6% NaCl pH = 4.
Ion
Exchange
Colunm
Fertiliser
Figure 2.14: Schematic diagram showing Ion Exchange Process for 
Phosphate removal recovery and regenerant reuse (Zhao and 
Sengupta, 1998).________________ __________  ___
2.7.3 Biological Phosphates Removal Processes
2.7.3.1 Introduction
In biological treatment processes, phosphates are removed by 
incorporating orthophosphate, polyphosphate and organically bound phosphorus 
into cell tissue. Mino et al., 1998 in their paper suggest two possible ways by 
which biological phosphates removal can be achieved. These are stoichiometric 
coupling to microbial growth and enhanced storage in the biomass as 
polyphosphate. The prerequisite for biological phosphates removal is the exposure 
of the micro-organisms to alternating anaerobic and aerobic conditions so that 
their uptake of phosphorus is above normal metabolic requirements 
(Tchobanoglous and Burton, 2003). In view of this concept, the biological 
phosphates removal process has also been termed ‘Enhanced Biological Process
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Removal’ (EBPR) (Mullan et al., 2002). Phosphorus is not only used for cell 
maintenance, synthesis and energy transport but is also stored for subsequent use 
by the micro-organisms. The sludge containing the excess phosphorus is either 
wasted or removed through a side stream to release the excess. The anaerobic and 
aerobic exposure conditions can be accomplished in the main biological treatment 
process, or mainstream or side stream (Tchobanoglous and Burton, 2003). During 
each anaerobic period, short chain fatty acid fermentation products such as acetate 
and propionate are converted to storage polymers in particular 
polyhydroxyalkanoates (PHA) by specialised groups of micro-organisms. These 
obtain the necessary energy to do so by subsequently hydrolysing the high energy 
phosphoanhydride bonds of their intracellular polyphosphates reserves. The 
anaerobic phase is therefore characterised by phosphate release. It is during the 
aerobic period that their possession of the readily metabolised organic compounds 
that gives such strains a competitive growth advantage. It is also during the 
aerobic period that their storage pools of polyphosphate are replenished. This 
leads to a net uptake of phosphates in the overall process. Under favourable 
conditions EBPR can achieve a removal efficiency of 80-90% of the total influent 
phosphates (Mullan et al., 2002).
Several species of micro-organisms are capable of accumulating 
phosphorus as polyphosphates. Some of the species that have been isolated and 
characterised are Acinetobacter species, Microlunatus phosphovorus, 
Lampropedia, and Rhodocyclus species. The invention of new powerful tools for 
analysis of microbial community structures shows that polyphosphate 
accumulating bacteria (PAB) are not composed of a few limited genospecies but 
involve phylogenetically and taxonomically diverse groups of bacteria. The tools 
include chemotaxonomic methods like quinone profiling and molecular methods 
like fluorescent in situ hybridisation, the clone library approach, denaturing 
gradient gel electrophoresis and terminal restriction fragment length 
polymorphism among others (Mino, 2000).
There are three well recognised set ups for biological phosphates removal 
with alternating anaerobic and aerobic conditions. Each set up has its own 
advantages and disadvantages. They include:
• Anoxic/Oxic (A/O) Process
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• PhoStrip
• Sequencing Batch reactor
2.13.2 A/O Process
The A/O process (figure 2.15) is utilised for combined carbon oxidation 
and phosphorus removal from wastewater. It is a single sludge suspended growth 
system that combines anaerobic and aerobic sections in sequence. The settled 
sludge is returned to the influent end of the reactor and mixed with the incoming 
wastewater. Under anaerobic conditions, the phosphorus contained in the 
wastewater and the recycled cell mass is released as soluble phosphates. It is at 
this stage that BOD reduction also takes place. The cell mass is able to take up the 
phosphorus in the aerobic zone. Phosphorus is removed from the liquid stream in 
the waste activated sludge. The concentration of phosphorus in the effluent is 
dependent mainly of the ratio of BOD to phosphorus of the wastewater treated.
If the ratio exceeds 10 to 1, effluent soluble phosphorus values of 1 mg/L 
or less can be realised. In situations where the ratio is less than 10 to 1, coagulants 
could be added to the process to achieve low effluent phosphorus concentrations 
(Tchobanoglous and Burton, 2003).
Figure 2.15: The setup of A/O process for biological phosphorus 
removal (Tchobanoglous and Burton, 2003)_______________________
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2.7.3.3 PhoStrip
In this process, a portion of the return activated sludge from the biological 
treatment process is diverted to an anaerobic phosphorus stripping tank. The 
stripping tank has a retention time that ranges from 8 to 12 hours. The phosphorus 
released in the stripping tank passes out of the tank in the supernatant while the 
phosphorus poor activated sludge is returned to the aeration tank. Coagulants such 
as lime are used to treat the phosphorus rich supernatant in a separate tank and 
discharged to the primary sedimentation tanks or a separate 
flocculation/clarification tank for solids separation. Phosphorus is therefore 
eliminated from the system as a chemical precipitant. The phostrip process as 
illustrated in figure 2.16 is capable of consistently producing an effluent with a 
total phosphorous concentration of less than 1.5 mg/L before filtration
(Tchobanoglous and Burton, 2003).
Waste chemical sludge
Figure: 2.16 Set up of PhoStrip process for biological phosphorus 
removal (Tchobanoglous and Burton, 2003)_______________________
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2.7.3.4 The Sequencing Batch Reactor (SBR)
The sequencing batch reactor (SBR) is a fill-and-draw activated sludge 
system for wastewater treatment (figure 2.17). In this system, wastewater is added 
to a single “batch” reactor, treated to remove undesirable components, and then 
discharged. Equalisation, aeration, and clarification can all be achieved using a 
single batch reactor. To optimize the performance of the system, two or more 
batch reactors are used in a predetermined sequence of operations. SBR systems 
have been successfully used to treat both municipal and industrial wastewater. 
They are uniquely suited for wastewater treatment applications characterized by 
low or intermittent flow conditions. Fill-and-draw batch processes similar to the 
SBR are not a recent development as commonly thought. Between 1914 and 1920, 
several full-scale fill-and-draw systems were in operation. Interest in SBRs was 
revived in the late 1950s and early 1960s, with the development of new equipment 
and technology. Improvements in aeration devices and controls have allowed 
SBRs to successfully compete with conventional activated sludge systems 
(USEPA, 1999)
The SBR can be operated to achieve any combination of carbon oxidation, 
nitrogen reduction and phosphorus removal. The reduction of these constituents 
can be achieved with or without the addition of chemicals. It is mostly 
accomplished by changing the operation of the reactor. Phosphorus can be 
removed by the addition of coagulants or through biological means. Phosphorus 
release and BOD uptake takes place in the anaerobic stir phase with subsequent 
phosphorus uptake in the aerobic stir phase (Tchobanoglous and Burton, 2003). 
Meanwhile, the merits and demerits of biological P removal are summarised on 
table 2.10.
i 1
Fill Anaerobic A erobic A noxic Settle Decant
Stir Stir Stir
Figure 2.17: Sequencing Batch Reactor operation for carbon, 
nitrogen and phosphorus removal (Tchobanoglous and Burton, 2003)
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Table 2.10: Advantages and disadvantages of biological phosphorus 
removal processes (Tchobanoglons and Burton, 2003)______________
Process Advantages Disadvantages
A/O • Operation is relatively 
simple compared to other 
processes.
• Waste sludge has relatively 
high phosphorus content 
(3-5%) and has fertiliser 
value.
• Relatively short hydraulic 
retention time.
• Where reduced levels of 
phosphorus removed 
efficiency is acceptable, 
process may achieve 
complete nitrification.
• Is not capable of achieving 
high levels of nitrogen and 
phosphorus removal 
simultaneously in absence 
of a final anoxic zone.
• Performance under cold 
weather operating 
conditions uncertain.
• High BOD/P ratios are 
required.
• With reduced aerobic ceil 
detention time, very high 
rate oxygen transfer 
devices may be necessary.
• Limited process control 
flexibility is available.
PhoStrip • Can be incorporated easily 
into existing activated 
sludge plants.
• Process is flexible; 
phosphorus removal 
process is not controlled 
by BOD/phosphorus ratio.
• Significantly less chemical 
usage than mainstream 
chemical precipitation.
• Can achieve reliable 
effluent orthophosphate 
concentrations of less than 
1.5 mg/L.
• Requires lime addition for 
phosphorus precipitation.
• Requires higher mixed 
liquor dissolved oxygen to 
prevent phosphorus release 
in final clarifier.
• Additional tank-age 
requires stripping.
• Lime scaling may be a 
maintenance problem.
Sequencing Batch Reactor • Process is very simply for 
combining nitrogen and 
phosphorus removal.
• Process is simple to 
operate.
• Mixed liquor solids cannot 
be washed away by 
hydraulic surges.
• Effluent quality depends 
upon reliable decanting 
facility.
• Limited design data 
available.
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2.8 The Process of Liquid-liquid Extraction
liquid-liquid extraction, also known as solvent extraction, has been 
recognised for many years as a powerful separation technique in the chemistry 
laboratory. The technique has been extensively used in nuclear processing, metal 
ore processing, in the production of fine organic compounds, the processing of 
perfumes and antibiotics among other industries. The application of liquid-liquid 
ion exchange in primary hydrometallurgy is to purify and concentrate metals from 
solution economically. In principle, almost any metal and most non-metals can be 
separated and purified by this method. In general, liquid-liquid extraction can be 
defined as the separation of liquid constituents by contact with another immiscible 
liquid (figure 2.18). The operation theory is dependent on the differential 
solubilities of the individual species in the two liquid phases. For water and 
wastewater treatment applications, the solution from which the extraction is made 
is water with which the solvent must be insoluble and immiscible (Cornwell, 
1979).
There are two broad categories of extraction systems that can be 
distinguished depending on the origins of the differential solubility. Firstly, many 
separations in the organic field arise from physical differences such as polarity. 
Such separations that depend on the physical effects of differences in molecular 
structure are very specific and the separation factors obtained are usually only 
modest. In the second category, the differential solubility is due to one of the 
solutes interacting chemically with the solvent to form a complex. This is mainly 
exploited for many metallurgical separations. The distinction between the two 
categories is significant in influencing both the physical changes that occur during 
extraction and the method of solvent recovery (Hanson, 1971). The figure below 
gives a vivid illustration of the principle of solvent extraction.
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F ig u r e  2 .1 8 : A  sc h e m a tic  p r e se n ta tio n  o f  so lv e n t  e x tr a c tio n  (C o x  a n d  
R y d b e r g , 2 0 0 4 )___________________________________
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2.8.1 Extraction Equilibria
Liquid-liquid extraction is normally based on the principle that a substance 
will distribute itself between two immiscible liquids in a manner that depends on 
the nature of all components in the system. The simplest form of distribution law 
is that of Berthelot, which states that when a third substance is present in a system 
of two immiscible liquids it distributes between them in a definite manner 
according to the following equation:
Dx=3org_
Cx,aq
where Cx represents the concentration of all species of X in the phase 
indicated. Dx is the measured distribution ratio. Nernst modified the relationship 
to take account of association and dissociation within either or both phases by 
stating that the law only applies to species common to both phases. Therefore,
where org and aq refer to organic and aqueous phases respectively and [X|s 
denotes the equilibrium concentration of solute X  in organic phase and aqueous 
phase. Kd refers to the distribution coefficient of solute X  However, distribution 
coefficients are independent of volume ratios. Generally, the distribution 
coefficients depend on the concentration of the distributing solute and on the 
composition of the phases. Changes in distribution coefficients may occur due to 
chemical reactions involving the solute and also unspecified interactions with the 
solvents or other solutes. The stoichiometry and equilibrium constants can be used 
to describe the chemical reactions involved. Usually they are sufficient in order to 
describe the distribution coefficients.
Meanwhile, non-stoichiometric effects of other solutes and their solvent 
interactions considered as non ideal and described in terms of activity coefficients 
play a major role and can obscure the simple picture of dependency on the 
stoichiometric effects (Chaloosi, 1979). The separating funnel in the figure above 
contains two layers of solutions with the bottom part being mainly water and the 
upper one being mainly an organic solvent. The solute (A) prior dissolved in one 
part of the solutions eventually gets distributed between the two phases. Upon 
reaching equilibrium, the solute is at concentration [A]aq in the aqueous phase and
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[A]org in the organic phase. The distribution ratio of the solute is defined as the 
ratio of the total analytical concentration of the substance in the organic phase to 
its total analytical concentration in the aqueous phase normally taken at 
equilibrium irrespective of whether the organic phase is lighter or denser than the 
other (Cox and Rydberg, 2004).
D = [A]org/[A]aq
The percentage extraction %E is commonly used for practical puiposes in 
industrial applications. It is usually expressed as:
%E=100D/(1+D)
D in the equation represents the distribution ratio of the solute. When D 
equals one, the solute is evenly distributed between the two phases. It is beneficial 
for the practical application of the solvent extraction process that a reasonable 
fraction (percentage) of the desired component is extracted in a single operation 
(Cox and Rydberg, 2004). Due to the variations in the strength of the interaction 
of solute molecules with those of the solvent, solutes tend to have different 
solubilities in different liquids. Therefore, in a system of two immiscible or only 
partially miscible solvents, different solutes become unevenly distributed between 
the two solvent phases which is the foundation of the solvent extraction technique. 
Since all solutes both organic as well as inorganic can be made more or less 
soluble in aqueous and organic phases, it renders almost limitless the number of 
applications of solvent extraction.
Owing to the continuous process as opposed to laboratory batch processes 
in large-scale industrial setups, solvent extraction can be made more selective than 
the conventional gas-liquid-solid separation techniques. This offers numerous 
industrial possibilities in the achieving desired separation efficiently and 
economically (Cox and Rydberg, 2004).
2 .8 .2  K in e tic s  o f  E x tr a c tio n
The kinetics of solvent extraction are complex, involving mass transfer 
with chemical reactions in heterogeneous systems. Nevertheless, it is essential to 
elucidate the kinetic behaviour of an extraction system as it influences important 
economic parameters of residence time in the mixer and therefore the size of the 
plant and volume of reagent. The overall kinetics is governed by the interfacial 
area, which depends entirely on the degree of agitation.
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There are three steps in solvent extraction: diffusion of reagents to the 
reaction zone; chemical reaction, diffusion of products away from the reaction 
zone. Any of the three steps can be extremely slow and hence rate determining. 
This suggests that two limiting cases exist that involve diffusion control and 
chemical reaction control respectively. The former depends on the interfacial area 
and the concentration of the slow diffusing species. In the case of chemical 
reaction control, it is essential to determine the site of the reaction within the bulk 
phase or inter-phase region. For bulk phase reactions, the important kinetic 
parameters are reactant solubilities, distribution coefficients, ionisation constants 
and phase volumes. For interfacial chemical control, the interfacial area will be 
essential, alongside the interfacial activity of the species involved, which is 
normally influenced by molecular geometry of the reagent (Cox, 1992).
All extraction reagents exhibit interfacial activity emanating from the 
presence of both polar groups and non-polar alkyl carbon chains. This activity can 
be approximated by the lowering of interfacial tension attributed to the penetration 
of the interfacial surface by the hydrophilic groups. The extent of the lowering 
will depend on reagent type and geometry, bulk phase concentration, diluent and 
water solubility of the reagent. Since the nature of the diluent will influence the 
interfacial properties of the extractant and the extracted metal/non metal complex, 
it follows that it will also influence the rate of extraction (Cox, 1992).
The interfacial area can also be increased by the addition of surfactants, 
which reduce the interfacial tension of the diluent/aqueous interphase. Normally, 
these compounds are more surface active than the metal extractants and hence for 
extraction systems without chemical reaction, addition of surfactants reduces the 
rate of extraction per unit area. Depending on the sign of the charge developed at 
the interface by the adsorbed surfactant molecules, for a system with chemical 
reaction, either an enhancement or reduction of the rate is observed. Consequently, 
the adsorption of a positively charged species will lessen the rate of cationic 
extraction, while adsoiption of negatively charged species would enhance this 
extraction rate. In the case of anion extraction, the opposite conditions would 
apply. The decrease in the rate could be explained by postulating a mechanism of 
mutual charge repulsion, or a decrease in interfacial area available for extractant 
by blocking with adsorbed surfactant molecules. The enhancement is realised by 
electrostatic interaction between the surfactant and the transferring species to form
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a compound 01* ion pair, which is then rapidly adsorbed into the organic phase 
where it can undergo fast ligand exchange reaction to give the expected product in 
the absence of the surfactant (Cox, 1992). Due to the complexity of the kinetics of 
metal/non metal extraction, which involves both diffusion and chemical reaction 
processes, it has been generally accepted that the chemical reactions are interfacial in 
nature.
2 .8 .3  H is to r y  o f  S o lv e n t  E x tr a c tio n
The Greek philosophers, around 500 B.C.E. were able to identify four 
elements: earth, water phlogiston (air), water and fire. Their idea harmonises with 
the recent concept of the three physical states of matter (solid, liquid and gas) and 
heat. Aristotle around 350 B.C.E. emphasised that these elements were not 
eternal, although they could be changed into each other. The early scientists were 
able to transmute certain earths with fire in order to produce ceramics and glasses. 
Many of these arts were engineered by the Egyptians. In Aristotle’s time the 
know-how of producing metals such as copper, gold, tin, lead, silver, iron, 
mercury and arsenic was available. The word ‘alchemy’ comes from Arabic and 
Greek and is supposed to mean the art of transmutation as practised by the 
Egyptians. The early Alchemist endlessly mixed, heated, boiled, cooled, etc., all 
things they could find in nature. The aim of each transmutation varied. Some were 
mainly to produce weapons, pigments, perfumes, and poison. Others were aimed 
at producing cosmetics and medicines that could prevent aging and prolong life. 
Others were geared towards producing tanning chemicals, soaps, anaesthetics and 
also for making gold. Metals such as brass, which resembled gold, were produced 
using these transmutations. Ointments and perfumes were enriched in cooled 
solidified fat, by heating odorous leaves in alkaline water with oils, a good 
example of solvent extraction used by the alchemist. These products were 
extensively utilised in the ancient courts and perhaps even among the general 
population (Cox and Rydberg, 2004).
It was during the Greek civilisation that this experimentation came to a 
halt. The Greeks were philosophers and not really extensively experimentalists, 
although Aristotle was a systems technician at the same time. The Greek 
civilisation was followed by the Romans who were administrators. The Christians 
who came after the Romans considered Alchemy as ungodly. However, alchemy
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continued to be practised in the Arabian world although it became suspect and 
was banned by many rulers. Alchemy was again revived in Europe about 500 
years ago and progressed within a few centuries into a modern science.
Consequently, many organic solvents were produced by digestion of 
various earths and purified through distillation. It is not possible to trace organic 
solvents accurately far back in history. This may be because organic solvents were 
practically of little value and could not be used to produce gold.
2.8.4 Role of Solvent extraction in Modern Chemistry Development
The early nineteenth century saw a great development in chemistry. 
Various inorganic and organic compounds were synthesised and characterised 
through skilful analysis. Pure compounds were identified from weight 
measurements and volumes, melting and boiling points, densities, refraction and 
their crystal structure. A discovery was then made that many inorganic salts such 
as chlorides of iron, mercury and gold dissolved and could be re-crystallised from 
alcohols and ethers.
The practical use of inorganic extraction seemed to have emerged along 
historic lines without any great notice. Studies carried out by Peligot in 1842 
concluded that uranyl nitrate could be re-crystallised from ether, although he 
never attributed its extraction from aqueous solutions. It is after 1870 that 
textbooks briefly stated that ether can even withdraw sublimate like mercury 
chloride from aqueous solution. Other research work reported that cobalt 
thiocyanate is weakly extracted by ether, better by amyl alcohol and even better 
by a mixture of both. Further work on solvent extraction for separation and 
purification of different substances conducted by Berthelot and Jungfleisch 
investigated the distribution of a larger number of organic and inorganic 
compounds between ether or carbon disulfide and water. It is these two who in 
1872 introduced the concept of ‘distribution factor’ to elucidate how the 
distribution of solute depended on its concentration in the organic and aqueous 
phases. Nernst about twenty years later realised that it was essential to consider 
the different reactions of solute in each phase such as dimerisation in the organic 
phase and dissociation in the aqueous phase (Cox and Rydberg, 2004).
Hence the distribution of benzoic acid (HBz) between the organic 
(benzene) phase and water can be presented as:
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The organic phase: 2HBz <-> H2Bz2
U
The aqueous phase: HBz <-» H + + Bz
Nernst in 1891 realised that only if the solute has the same formula weight 
in the organic phase as in the aqueous phase would the distribution ratio be 
independent of the concentration of the solute. Similarly, he demonstrated the 
validity of his idea for the distribution of large numbers of organic and inorganic 
compounds between organic solvents and water using the following equation:
Ko = [H & U ![HBz\q
Kd is referred to as the distribution constant. In 1902 Morse used the 
same idea in reference to metal complexes. He investigated the distribution of 
divalent mercury between toluene and water at various Hg2+ and Cl* ions 
concentrations. Morse was able to determine the formation of constants of HgCl+ 
and HgCl2 by considering the complex formation in the aqueous phase from 
distribution measurements as well as the distribution constant of the neutral 
complex HgCl2 (Cox and Rydberg, 2004).
The equation below sums up the overall extraction reaction:
Hg2+ (aq) + 2Cl~ (aq)% HgCl2 (org)
The extraction constant KeX is given by the equation below:
[HgCl2]ols
“ [ t f g r i j c r l ,
2.8.5 Industrial application
A greater interest in solvent extraction for large-scale industrial 
application grew between the 1940s and 1950s. The application was initiated by 
the production of uranium and the reprocessing of irradiated nuclear materials in 
the U.S. Manhattan project. The first solvent extraction plant for metal 
purification was established in 1942 by Mallinckrodt Chemical Co., St. Louis, 
which utilised selective extraction of uranyl nitrate by ether from aqueous 
solution. The high degree of purity of 99.9% normally required for use in a 
nuclear reactor was realised. Ether was later replaced by other solvents i.e. 
dibutylmethanol and methylisobutylketone following an explosion that took place 
in the plant. Tri-n-butylphosphate and trioctylamine were introduced as new and
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efficient metal extractants in 1945 and 1948 respectively. This aroused greater 
interest in other non-nuclear industries leading to the adoption of the process in a 
large number of chemical and metallurgical companies for the separation and 
purification of their products. While in laboratory application the extraction vessel 
could be a test tube or a separating funnel, industries prefer to use continuous 
processes. The mixer-settler is the simplest unit as represented in fig u re  2.19  
below.
PumP Interface
mixer Settling chamber adjustment
Figure 2.19: Principle of a mixer-settler unit (Cox and Rydberg,
2004).__________________________________________________________
The mixer or contactor is merely a vessel with a spinning paddle that 
produces small droplets of one of the liquid phases in the other. The physical 
mixture then flows slowly into and through a separation vessel by the influence of 
gravity where the organic phase is separated from the aqueous phase.
A full basic process diagram including common terminology is presented 
in the figure 2.20 below:
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t
Product.
Figure 2.20: Typical flow sheet of a solvent extraction circuit (Cox 
and Rydberg, 2004)._________________________________________
One of the most essential elements of the above flowsheet is that as much 
as possible, the liquid phases are recovered and recycled. Being in the era of 
sustainability, this becomes important not only for the environmental point of 
view but also economically. In order to achieve efficient extraction, there is need 
to apply multiple extractions which requires the development of continuous 
working extractors especially mixer-settlers and pulsed columns. These extractors 
could be made for continuous flow and also for multiple stages, which allow high 
efficiency in the isolation of substances and at the same time a high yield.
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2.8.6 Equipment and Processes
The cheapest way to cany out solvent extraction studies in a laboratory set 
up is by using test tubes. This can be labour* intensive and time consuming. 
Continuous flow centrifugal separators can be used to provide highly precise data.
2.8.6.1 Centrifugal Extraction-Separation System
AKUFVE, a Swedish acronym for Apparatus for Continuous 
Measurement of Partition Factors in Solvent Extraction, is a device, which 
facilitates continuous, rapid and accurate measurement of the distribution of a 
soluble component in a two-phase liquid system as a function of variations in 
simultaneously measured physical and chemical parameters.
The AKUFVE device, usually described as a one-stage mixer-(centrifugal) 
settler, was developed in the 1960s (Rydberg et al., 2004). In applied research, the 
AKUFVE device noticeably reduces the time and labour required in the evolution 
and optimization of solvent extraction processes. Its application to basic research 
has integrated the determination o f distribution and stability constants for various 
metal complexes, alongside enthalpy and entropy values, acquired from 
temperature dependency measurements, and the determination of reaction rates 
and activation energies.
The continuous liquid-flow H-Centrifuge is the central part of the 
AKUFVE device. It is a unique centrifugal separator, created to cover the 
requirement for speedy and absolute phase separation of a liquid mixture of two 
immiscible solutions. A comparatively high speed of rotation (10-35,000 rpm), 
short hold-up time (0.05-2.5 sec), high liquid flow throughput (25-300 1/h) and 
extremely high phase separation efficiency, better than 99.9 % in both phases 
characterizes the H-Centrifuge. The H-centrifuge can be obtained in two sizes: the 
H-33 unit with the total flow capacity o f 300 1/h and the H-10 unit with the 
capacity of 100 1/h (Rydberg et al., 2004). The AKUFVE is illustrated in figure 
2.21 below.
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2.8.6.2 SISAK Technique
The SISAK phase separation is a technique that utilises the centrifugal 
separator o f the AKUFVE system. This multistage solvent extraction system is 
usually utilised for investigating properties o f the heaviest elements alongside the 
solvent extraction behaviour of compounds with exotic chemical states. Its 
mechanism involves a continuous transportation of radio-nuclides from a 
production site in an accelerator to the SISAK device through a gas jet transport 
system. An aqueous phase that is fed into a centrifuge battery comprising of 1-4 
solvent extraction steps is then used to dissolve the nuclides. The size of the 
centrifuge, the number of centrifuge steps and the flow rate normally determine 
the transport time from the target site to the detection system. The transport time 
for a one step solvent extraction is approximately 2.5 seconds. This rapid transport 
has allowed detailed y-spectroscopic investigations of radio-nuclides with half 
lives of approximately 1 second (Rydberg et al., 2004), A typical SISAK 
experiment is illustrated in figure 2.22 below:
Reduction — 
Hydrogen 4*=} J
Flowthrough 
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Figure 2.21: The AKUFVE solvent extraction apparatus (Rydberg et 
al., 2004)._______________________________________________________
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Figure 2.22: A typical SISAK experiment (Rydberg et al., 2004).
2.8.7 Solvent extraction for contaminated soil remediation
Solvent extraction serves to separate pollutants, water and particulate 
solids into various fractions. Pollutants are transferred to and carried off by the 
liquid phase. Two principal mechanisms may be utilised. The first part involves 
pollutants dissolving in the extracting agent with or without chemical reaction. 
The second involves pollutants being dispersed in the extracting phase as 
suspended or colloidal particles with or without prior mechanical treatment 
(Mohamed and Antia, 1998). The separation of the clean particles from the 
polluted ones by making use of the difference in their particle size, settling 
velocity, surface properties or a combination of these. Pre-treatment is usually 
necessary in order to remove larger objects and to reduce the size of the hard clods 
of soils as shown in figure 2.23 below.
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1998)
In order to make the soil pumpable, water or a solvent is normally added. 
The soil is then mixed intensively with an extracting agent with the pH being 
adjusted at this stage. The soil and the extracting agent are separated once the 
pollutants are transferred to the fluid phase. In order to completely remove the 
original extracting agent, the soil is washed again with water. Where feasible and 
economical, the fluid phase is treated and then recycled. The selection of  
extracting agents other than water has to take into accoimt its safety both to 
humans and the environment. The degree to which the pollutant can be removed 
must also be taken into consideration. In addition, the ease of handling of the 
agent and the potential to be purified and recycled are additional factors to be 
considered (Mohamed and Anita, 1998).
2.8.8 Use of surfactants in soil remediation
Surfactants are surface-active agents, which are used to decrease 
interfacial tension and enhance solubility of non-aqueous phase liquids. Within 
the petroleum industry, surfactants have been utilised for many years in enhancing 
the secondary extraction of oils. This technique can be extrapolated arid used for 
the treatment of polluted soils. Applied to site remediation, surfactants increase 
the solubility of hydrophobic organic pollutants which in turn increases the 
removal efficiency on application of a washing fluid. Removal efficiencies of 90-
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98% have been realised when surfactants and heat were added to the wash water. 
The same process can be used to extract volatile organic compounds and other 
organic pollutants with high vapour pressure and low solubility. An efficiency 
removal of between 90 and 99% of the volatile organic compounds can be 
achieved by washing (Mohamed and Antia, 1998).
2.8.8.1 Properties, Types and definition of Surfactant
The term ‘surfactant’ is derived from the descriptive phrase surface active 
agent. Surfactant molecules have two characteristic regions. The first one is the 
hydrophobic region which is water disliking and the second one is hydrophilic 
which is water loving as shown in the figure 2.24 below.
Cationic Mr 
Anionic Mr
Amphoteric Mr
Nonionic Mr
moiety
Figure 2.24: Schematic representation of surfactant molecules 
(Mohamed and Antia, 1998)______________________________________
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Hence, surfactant molecules migrate to interfaces where both portions of 
the molecule can be in their preferred phase. Accumulation of surfactants at 
interfaces adjusts the nature of the interface, resulting in the designation of these 
molecules as surface-active agents. One end o f the surfactant molecule is polar 
and therefore water-soluble whereas the other part is non polar. This property of 
surfactants enhances the solubility o f compounds of low water solubility.
Surfactants provide remarkable benefits in many industrial processes. The 
surface tension of a liquid is an internal pressure caused by the attraction of 
molecules below the surface for those at the surface of a liquid. The internal 
pressure tends to restrict the tendency of the liquid to flow and form a large 
interface with another substance. The surface tension determines the tendency for 
surfaces to establish contact with one another. Hence the surface tension is 
responsible for the shape of a droplet of a liquid (Perkins, 1998). Chemically, 
surfactants are amphipathic molecules. That is they have two distinctly different 
characteristics - polar and non polar* at different positions of the same molecule. 
Hence a surfactant has both hydrophilic and hydrophobic characteristics. The 
hydrophobic group in a surfactant is usually a hydrocarbon chain but may be a 
floro carbon or siloxane chain o f appropriate length. The hydrophilic group is 
polar and may be ionic or non ionic.
Since surfactant molecules have both hydrophilic and hydrophobic parts, 
the most attractive place for them in water is at the surface where the forces of 
both attraction and repulsion to water can be satisfied. Another way by which 
surfactants interact is by the formation of micelles. Micelles consist of 
hydrophobic interior regions where hydrophobic tails interact with one another. 
The hydrophilic regions where the heads o f the surfactant molecules interact with 
water surround these hydrophobic regions. At low concentration in water, 
surfactant molecules are unassociated. At higher concentration of surfactants in 
water, micelles form and this concentration is referred to as ‘critical micelle 
concentration’ (CMC). The surface tension of water undergoes a precipitous 
decrease and the detergency of the mixture increases at the (CMC) (Perkins, 
1998).
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2.8.8.2 Pollutant-surfactant interaction
Surfactant molecules by nature have a tendency to concentrate at 
interfaces with the effect of reducing the free energy of the system. This is due to 
having both the hydrophilic and hydrophobic groups on the surfactant molecule. 
In most cases, adsorption at various interfaces is the primary mechanism for 
energy reduction. As illustrated in the figure 2.25 below, when all available 
interfaces are saturated, the overall energy reduction may proceed through other 
mechanisms. These mechanisms are aggregation or micelle formation, 
crystallisation, layer formation and dispersed species. The characteristics of a 
surfactant can change significantly with changes in the length of the hydrophobic 
tail, the nature of the head group, the valence o f the counter ion and the solution 
environment. This is due to surfactants having substantial solubilities in water.
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Figure 2.25: Mechanisms involved in the reduction of surface and 
interfacial energy via surfactant action (Mohamed and Anita, 1998).
The increase in temperature enhances the stability of the newly formed 
materials in solution. This effect is attributed to the crystal lattice energy and the 
heat of hydration of materials being dissolved which are both temperature 
dependent. The dilute aggregation of surfactants into micelles is an express effect
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of the thermodynamic requirements of the specific surfactant and solvent system 
under consideration. The forces and changes associated in surfactant aggregation 
in non-aqueous solvents vary considerably from those in water-based systems. In 
addition, micelles will be deionised in solvents of low dielectric constant 
regardless o f the nature of the surfactant and hence have no significant properties 
relative to the bulk solvent (Mohamed and Antia, 1998).
The principal driving force for the formation of micelles in aqueous 
solution is the hydrophobic effect. This reduces the unfavourable interactions 
between water and hydrophobic tail o f the surfactant molecules. A more 
significant energetic consequence of non-aqueous micelle formation is the 
reduction of unfavourable interactions between the ionic head group of the 
surfactant and non-polar solvent molecules. This effect may be referred to as ‘the 
hydrophilic effect’. Unlike aqueous micelles in which interactions between the 
hydrophobic tails contribute little to the overall free energy of micelle formation, 
ionic, dipolar, or hydrogen bonding interactions between head groups in reversed 
micelles are the principal driving forces favouring aggregation (Mohamed and 
Antia, 1998). The forces controlling surfactant interactions with organic 
chemicals are van der waals or dispersion forces, hydrophobic effect, dipolar and 
acid-base interaction and electrostatic interactions. The degree of importance of 
each of the interactions will vary according to the nature of the organic chemical 
and surfactant.
2.8.8.3 What makes a good extractant?
The organic material ought to have a variety of properties in order to be 
used profitably in extraction work. Of major importance is the specific reactivity 
of the extractant with the element desired. Some properties are the same for all 
extractants. They include stability, low toxicity and low water solubility. The basic 
chemistry of the process should serve as a guide for the selection of a suitable 
extractant. Many of those being utilised today are secondary, tertiary and 
quaternary amines, alkyl phosphoric acids, esters and hydroxyoximes. The amines 
act by forming an organic-soluble salt with anions, whereas the alkyl phosphates 
react with cations. The distribution of a solute is closely related to its solubility of 
the liquid phases. In solution, the molecules or ions of the solute particles interact 
with the solvent molecules provided it has a high concentration compared with
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other solute particles. This interaction plays a significant role in the distribution of 
a solute between the two liquid layers in the liquid-liquid distribution systems. 
The extraction process is limited to the liquid range of these substances. 
Generally, liquid-liquid extraction takes place at ambient pressures and the liquid 
range extends from about freezing temperature up to about boiling temperature 
(Marcus, 1992).
In this study, cationic surfactants have been used as extractants. These 
types of surfactants are those which the ionic group on the hydrophobic have a 
positive charge. Most o f the available cationic surfactants are based on a nitrogen 
atom carrying a positive charge while in others the positive charge is carried by 
phosphorus or a sulphur atom (Perkins, 1998).
2.8.8.4 General Properties of cationic surfactants
Non-quaternary cations are sensitive to high pH, polyvalent ions and high 
concentrations of electrolyte while the above does not affect quaternary cations. 
Cationics show differences from anionic and non-ionic surfactants in their high 
degree of substantivity. The term ‘substantivity’ includes the uptake of surfactants 
from solution on to surfaces of a wide variety of negatively charged surfaces. It is 
possible to make a hydrophilic solid behave like a hydrophobic and vice versa, 
depending on the chemical structure o f the cationic surfactant. Hence the surface 
properties of solids can be modified using cationic surfactants.
Cationic surfactants will generally form insoluble complexes with anionic 
surfactants, which are insoluble in water and could lose their surfactant properties. 
However, in organic solvents and mineral oil, cationic/anionic surfactant 
complexes can show substantivity, corrosion and wetting resistance suggesting 
that they are surface active in such given environments (Porter, 1991).
2.9 Chemical Coagulation/Precipitation process
2.9.1 Introduction
Coagulation is an established process for transforming small particles into 
larger aggregates (floes) and for adsorbing dissolved organic matter onto 
particulate aggregates so that these impurities can be removed in subsequent 
sedimentation and filtration stages. The process o f coagulation can be considered
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as three separate and sequential steps: coagulation formation, particle 
destabilisation and interparticle collision. Traditionally, the formation of 
coagulants and the reaction of the coagulant with contaminants in surface water 
sources take place in the rapid mixing tanks whereas interparticle collisions take 
place mainly in flocculation tanks and in sludge blanket settling tanks. Enhanced 
coagulation is the practice of using a coagulant dose in excess of what is normally 
required for turbidity removal to achieve a specific reduction in the concentration 
of total organic carbon (TOC). The enhanced coagulation requirements mandate 
reductions in TOC concentrations based on the TOC and alkalinity of the source 
water (Singer and Bilyk, 2002). Normal filtration or sedimentation processes 
owing to their small size and negligible settling velocities cannot extract colloidal 
particles. They have very high specific surface area and as a consequence their 
behaviour is governed largely by surface properties. Hydrophobic particles derive 
stability due to having charges that repel each other. These charges are derived 
from either their chemical structure or by adsorption of a single ion type. All 
particles similarly charged result in a stable suspension preventing particles 
colliding under the influence of Brownian motion or Van der Waal forces.
2.9.2 Type of coagulants and coagulation conditions
A wide variety of coagulants is available, the most common being alum 
(A12(S 04)3), aluminium chloride, ferric chloride and ferric sulphate. For many 
years, aluminium sulphate has been popularly used as a coagulant for water 
treatment. However, the first attempt to connect the actual levels of aluminium in 
drinking water to Alzheimer’s disease was reported by Flaten, 2001. Martyn et al., 
1997 study conducted in the United Kingdom found no link between the levels of 
aluminium in drinking water and the risk o f developing Alzheimer’s disease. 
Nevertheless, there is concern about the possible health risks from aluminium 
residuals following its use. Iron salts are cheaper than aluminium ones, although 
residual iron can be troublesome due to its stain producing properties in washing 
machines. Usually, coagulants alone are not adequate to promote satisfactory floe 
formation. Coagulant aids, which are polyelectrolytes that include a wide range of 
synthetic organic polymers such as polyacrylamide, polyethylene oxide and 
polyacrylic acid are added to water after coagulation before flocculants mixing 
(Gray, 1999). Numerous factors such as the nature of water, the coagulant pH and
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the dose of the coagulant influence the species formed together with the treatment 
performance (Jiang, 2001). Optimum coagulation conditions are those that 
maximize pathogen removal, produce low turbidities and particle counts, and 
minimise residual Al/Fe (Edzwald and Tobiason, 1999).
Conventionally, Al and Fe are considered as precipitants for phosphorus 
removal. Iron is commonly present in two oxidation states, iron (II) and iron (III). 
For phosphorus (P) removal, iron sulphates and chlorides seem to be the most 
effective precipitants. Generally, iron (III) is most used in the water industry since 
iron (II) can only be used after being oxidised to iron (III). Strong complexes with 
the condensed phosphates (pyrophosphate and tripoliphosphate) are usually 
formed by iron (III), which may then be removed by adsorption onto iron (III) 
hydroxo-phosphate surfaces. The most common complex formed during 
precipitation is [Fe(HP(>4)a?]+. In comparison to iron (III), iron (II) is less 
dependent on pH and when used to form iron (III) is a more efficient precipitant. 
This may be attributed to the fact that the production of iron (III) promotes a more 
efficient contact between iron and the phosphates. The advantages of using iron 
salts as precipitants over other precipitants are low costs and sludges that are 
easily to dewater (Clark et al., 2000).
2.9.3 Coagulation Mechanism
Generally, large sized impurities in wastewater can be easily removed by 
settling. Their weight allows them to settle down at the bottom of the tank and 
then be removed as sludge. The humic substances that are responsible for the 
unpleasant colour, make the raw water unacceptable for drinking purposes. 
Similarly, colloidal matters, which are particles (less than 1 micrometer) to be 
removed by settling, are usually dissolved and dispersed as either ions or 
molecules in water (Hammer and Hammer Jr., 1996). Electrostatic repulsion is the 
most important stabilising factor associated with colloidal dispersion. It is these 
repulsive forces that prevent the collision and settling of colloidal particles. The 
aim of chemical coagulation in water and wastewater treatment is to destabilise 
suspended contaminants such that the particles contract and agglomerate, forming 
floes that drop out of solution during sedimentation. Destabilisation of 
hydrophobic colloids is accomplished by the addition of chemical coagulants, 
which could be salts of Al or Fe. The repulsive force between colloids is reduced
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by the highly positively charged hydrolysed metal ions produced by the salts in 
solution by compressing and diffusing the double layer surrounding individual 
particles. The suppression of repulsive forces causes particles to stick together 
hence producing progressive agglomeration (Hammer and Hammer Jr., 1996).
The stability of colloids depends on the electrostatic repulsion of the 
resulting colloidal particles. The figure below presents a schematic representation 
of the resulting colloidal state. Most colloidal particles in water are negatively 
charged as shown on the figure 2.26. The charge attracts oppositely charged ions 
hence a layer of liquid, referred to as the stem or fixed layer is strongly bound to 
the particle surface and moves with the particle. The stationary layer is 
surrounded by a boundary layer o f water in which ions of opposite charge drawn 
from the bulk solution produce a rapid drop in potential. This drop is known as the 
stern potential. A gradual drop referred to as the Zeta potential occurs between the 
shear surface of the bound water layer and the point of electro neutrality in the 
solution (McGhee, 1991).
Figure 2.26: A Schematic illustration of the resulting colloidal state 
(McGhee, 1991)_________________________________________________
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The value o f the zeta potential, the electric potential at the edge o f the 
particle agglomerate, is usually of some significance. Theoretically, a zero zeta 
potential should provide excellent conditions for coagulation. Nevertheless, there 
are many complicating factors and zeta potential measurements are not always of 
much value in operational circumstances. In relatively low suspended solids 
concentrations, coagulation occurs by enmeshment in insoluble hydrolysis 
products formed as a result of a reaction between the coagulant and the water. In 
this situation the nature of the original suspended matter is of little significance 
and it is the properties o f the hydrolysis product, which control the reaction 
(Tebbutt, 1998).
With higher suspended solids concentration, the colloidal theory can 
provide a basis for explaining the observed reactions. Thus, destabilisation of 
colloidal suspensions takes place due to the adsorption of strongly charged 
partially hydrolysed metallic ions. Continued adsorption results in a charge 
reversal and destabilisation of the suspension, which does take effect with higher 
coagulant doses. In this case the nature o f colloidal particles has an influence on 
the process of coagulation. The removal of colour from water through coagulation 
appears to depend upon the formation of precipitates from the combination of 
soluble organics and the coagulant. A direct relationship therefore exists between 
colour concentration and the dose of the coagulant required for its removal 
(Tebbutt, 1998).
The actual mechanism of the coagulation process is explained by the 
figures 2.27-2.29 below. There are three basic steps involved. The first step is 
coagulant formation followed by colloidal particle destabilisation and finally 
particle aggregation. The Figure 2.27 illustrates the stability of colloids. Owing to 
the presence of a negative surface charge on the particles, the resulting 
electrostatic repulsion force dominates over the van der Waals forces of attraction 
prohibiting aggregation. Consequently, the colloidal particles are stable and 
unable to form particle structures that are sufficiently large enough to allow 
natural settlement from the water.
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^  Attraction ^
Repulsion
Figure 2.27: Forces acting on colloids in stable suspension (Jiang and 
Graham 1998)_______________________________________________
Coagulation describes the initial colloidal destabilisation principally by 
charge neutralisation after adding a coagulant. Coagulants are chemicals usually 
added to water in order to reduce the electrostatic repulsive force by neutralising 
the negatively charged ions with positively charged ones, allowing particles to 
collide and aggregate as floes. The higher the valency o f the counter-ions, the 
lower the concentration of the coagulant required to destabilise the particles. This 
phenomenon was summarised by Schulze and Hardy approximately 100 years ago 
and can be expressed as C=K/Z6, where C is the coagulant concentration, which is 
sufficient enough to aggregate a colloidal solution, Z is the valency o f the counter­
ions and K is a constant. The figure 2.28 below illustrates the destabilisation of 
colloids by addition o f chemical coagulants.
Figure 2.28 Compression of double layer charge on colloids 
(destabilisation) by addition of chemical coagulants (Jiang and 
Graham 1998) _____________________________________________
Meanwhile, the small floes formed by the coagulation process can be 
combined into larger aggregates by flocculation with the aid o f polyelectrolytes 
giving higher rates o f sedimentation. These larger particles can be removed from
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the water by either gravity or filtration. This process involves polymer bridging in 
which polyelectrolyte bound to a floe particle has looped and dangling chains 
which can attach to nearby particles as shown in the figure 2.29 below.
Figure 2.29: Agglomeration resulting from coagulation with metal 
salts and polymer aid (Jiang and Graham 1998)___________________
Coagulant formation and colloidal particle destabilisation are enhanced 
using a stirrer in a rapid mixing stage where a treatment chemical is added and 
dispersed uniformly throughout the treated water. The floe formation then takes 
place by slow mixing in the flocculation stage where inter-particle collision create 
larger floes that can easily be separated from the treated water. To this end, 
coagulation is one o f the most essential processes used in most water and 
wastewater treatment facilities around the world.
The efficiency of phosphate removal has been found to rely on the pH, 
phosphate concentrations and suspended solids in wastewater. A combination o f  
coagulation and filtration is a simple and effective method and when using poly­
aluminium chloride as a coagulant over 80% of phosphates can be removed (Xie 
et al., 1994). In the wastewater treatment process, the addition o f chemical 
coagulants can occur at various points, including: immediately upstream o f the 
primary clarifier, in the aeration chamber during aeration, immediately after the 
aeration chamber but prior to final clarification and at more than one point 
simultaneously (Omoike and VanLoon, 1999).
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2.10 Summary
Water is an important resource in every human society. The end result of 
using water is the generation of wastewater. Wastewater that is produced in most 
cities around the world is collected by a sewarage network and channelled to a 
wastewater treatment plant. It is then returned to the natural eco-cycle by 
discharging into waterways. A very important component of municipal wastewater 
is the nutrient salts
The foregoing literature review illustrates clearly the consequences of the 
increased phosphates input in water bodies through non-point and point sources. 
Phosphates are responsible for one major international problem of eutrophication 
of lakes and waterways. The adoption of the directive on Urban Waste Water 
Treatment (Directive 91/271/EEC) by European Union member states requires the 
installation of phosphorus removal systems at wastewater treatment plants. The 
directive also requires member states to designate sensitive areas that require 
phosphates removal. It is these stringent phosphates discharge limits enshrined in 
the directive and imposed on wastewater treatment plants that demand research on 
non-traditional treatment technologies.
At present, the main types of phosphates removal from wastewater 
effluents are chemical precipitation using Al/Fe or lime and biological removal 
processes. These methods of removal do not recycle phosphorus as a truly 
sustainable product because it is removed along with various other waste products. 
The motive for phosphates recovery has been based on the belief that phosphorus 
in the future may be a limiting component for food production and that a low 
degree of phosphorus recovery may give different diffuse discharges for instance 
from land deposits. A controlled recovery of phosphorus from wastewater can also 
make an economic contribution due to the fertilizer value of the phosphorus and 
decrease the environmental impact from mining and further processing of 
phosphate minerals, if  the needed amount o f mined minerals can be decreased.
The development of phosphorus removal by liquid-liquid extraction 
provides an advanced way of removing phosphorus in a form that has the potential 
to be a raw material for the phosphate industry in the form of phosphoric acid. 
Previously, the liquid-liquid extraction technology has been extensively utilized in 
the removal and recovery of metals as has been demonstrated in the literature
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review section. The focus of this study is to make an initial attempt at using the 
technology for the extraction o f phosphates (non metallic compound) and compare 
its efficiency and effectiveness against conventional means of coagulation and 
precipitation.
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CHAPTER 3 
A N A L Y T IC A L  METHODOLOGY
This chapter outlines the analytical protocols and instrumentation used 
throughout this research.
3.1 Phosphorus Analysis Procedure -  Ascorbic Acid Method
3.1.1 Principle
In the ascorbic acid method for phosphorus analysis, ammonium molybdate and 
potassium antimonyl tartrate react in acid medium with orthophosphate to form a 
heteropoly acid (phosphomolybdic acid) that is reduced to intensely coloured 
molybdenum blue by ascorbic acid. The minimum detection limit for this method 
is approximately 10 pg P/L.
3.1.2 Apparatus
■ UV-Visible spectrophotometer (Helios Alpha, Unicam, Cambridge, 
England) with infrared photube for use at 880 nm was used.
■ Conical flasks
■ Volumetric flasks
■ Measuring cylinders
3.1.3 Reagents
• Sulphuric acid (5N) was prepared by diluting 70 ml concentrated sulphuric 
acid to 500 ml using distilled water.
• Potassium antimonyl tartrate solution prepared by dissolving 1.3715 g of
the compound in 400 ml distilled water in a 500 ml volumetric flask and 
diluting to the volume.
• Ammonium molybdate solution prepared by dissolving the 20 g compound 
in 500 ml distilled water.
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• Ascorbic acid (0.1M) prepared by dissolving 1.76 g of the compound in 
100 ml distilled water.
• Combined reagent: The above reagents were mixed in the following 
proportions for 100ml combined reagent. 50 ml (5N) sulphuric acid, 5 ml 
potassium antimonyl tartrate solution, 15 ml ammonium molybdate 
solution and 30 ml ascorbic acid solution. The reagent is stable for four 
hours.
• Phosphate standard solution lOOOmg/L (Merk Ltd, England)
3.1.4 Procedure
50 ml of the sample was placed in a conical flask with a drop of 
phenolphthalein indicator added. When a red colour developed, it was discharged 
by the addition of sulphuric acid (5N) drop wise. 8 ml of the combined reagent 
was then added and the mixture thoroughly shaken. An absorbance reading was 
then taken after the samples had been left to settle for 10 minutes.
3.1.5 Preparation of Calibration Curve
A calibration curve was prepared using 10 standards ranging from 0-10 
mgP/L. Distilled water blank with a combined reagent was used to make 
photometric readings for the calibration curve. A graph of absorbance verse 
concentration was then plotted giving a straight line passing through the origin 
(Figure 3.1) below.
3.1.6 Calculation Method to Determine the Extraction Efficiency
In this study, %E was calculated using the following equation:
%E = -  [P\em(aqs) y l  Q()
[ /+ ( « /* )
where [P]o(aqs) = the equilibrium phosphate concentration in the aqueous 
phase before extraction.
[Pjrem(aqs) = the remaining equilibrium phosphate concentration in the 
aqueous phase after extraction.
The stripping percentage (%S), which measures how well a stripping agent 
can recover phosphates from the organic phase to the aqueous phase, was 
calculated using the following equation:
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Where [P]acid = concentration of the phosphates in the acid phase and 
[P]org = concentration of the phosphates in the organic phase.
Figure 3.1: Calibration Curve used for Phosphorus Analysis_________
3.2 Total Solids
Total Solids (TS) is the term applied to the material residue left in the 
vessel after evaporation of a sample and its subsequent drying in an oven at a 
defined temperature. The TS is the portion retained by a filter. Total Solids 
analysis is important in the control o f biological and physical wastewater 
treatment processes and for assessing compliance with regulatory agency 
wastewater effluent limitations. The nature of TS tends to vary considerably in 
accordance with the composition of the effluent (AWWA, 1995). A thoroughly 
mixed sample of 100 ml is filtered through a weighed standard glass fibre 
(Whatman GF/C). The residue retained on the filter is dried to a constant weight at 
103 to 105°C overnight. The weight increase of the filter represented the TS.
C a l i b r a t i o n  C u r v e y = 0.2033X 
R2 = 0.9998
0.7 T
0 0.5 1 1.5 2 2.5 3 3^5
Concentration (mg/L)
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3.2.1 Procedure
A filtering apparatus and filter were assembled and suction begun. The 
filter was then wetted with a small volume of deionised water to seat it. The 
sample was thoroughly mixed and 100 ml of it filtered through the seated glass 
fibre filter. This was followed by washing with three successive 10 ml volumes of 
deionised water, allowing complete drainage between washings and continuous 
suction for approximately 3 minutes. The filter was carefully removed from the 
filtration apparatus and transferred to an aluminium weighing dish as support. This 
was then followed by drying overnight in the oven at a temperature of 103 °C. The 
aluminium weighing dish and the filter were then cooled in a desiccator and then 
weighed until a constant weight was obtained (AWWA, 1995).
3.2.2 Calculation
m  . < n  y A  ( r f - 5 ) x l 0 0 0mg Total Solids/L = -   --------
Sample(ml)
where:
A = weight of filter + dried residue, mg and
B = weight of filter, mg
3.3 Principle of UV-Vis Spectrophotometer
In this study, a UNICAM Hellios a Ultraviolet visible (UV-Vis) 
Spectrophotometer (figure 3.3) was utilized to measure phosphates concentration 
in the samples. The principle of UV-Vis spectrophotometer is based on the Beer- 
Lambert law. In essence, the law states that there is a logarithmic dependence 
between the transmission of light through a substance and the concentration of the 
substance, and also between the transmission and the length of material that the 
light travels through. Thus if  I and a are known, the concentration of a substance 
can be deduced from the amount of light transmitted by it. The units of c and a 
depend on the way the concentration of the absorber is being expressed. If 
concentration c is expressed in moles per unit volume, a is a molar absorptivity 
(usually given the symbol e) in units of mol-1 cm-2 or sometimes L moF1 cm-1.
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/
Figure 3.2: Illustration of Beer-Lambert absorption of a beam of light 
as it travels through a cuvette of size /.___________________________
A -  log —  = s.cl 
I
Where
• A is absorbance
• /o is the intensity of the incident light
• / i s  the intensity after passing through the material
• / is  the distance that the light travels through the material (the path length)
• c is the concentration of absorbing species in the material
• £ is the absorption coefficient or the molar absorptivity of the absorber
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Figure 3.3: Helios Alpha UV-Vis Spectrophotometer________________
3.4 Correlation coefficient
In order to measure the phosphates concentration and indeed other 
parameters by UV-Vis spectrophotometer, it was necessary to generate calibration 
curves experimentally by using a pure standard phosphate solution. The standard 
solution was prepared using different known concentrations in mg/L and their 
absorbance measured using the spectrophotometer at a given specific peak 
wavelength.
The least square technique was used to obtain the calibration curves and 
equations. If y t is the standard concentration and xt is the measured concentration 
and that the two parameters have a linear relationship then it follows:
y, = bx, + c
Where b and c are constants to be determined.
The total error can be defined as
n
-(& t,+ c )]2 Therefore b and ccan be obtained in order to
»=i
make E minimum.
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—  = 0 and —  = 0 , hence 
db dc
= - 2 Y [ y i - (bxi+  c)]x,«0 
db Xf
and
t y  = - 2 £ b f - ( f e , + C)] = 0
<7C ,=1
2  [T; ~ (&*/ + c)]*i = 0 and ]£[>,■ “  + c )] = °
/-i 1=1
! / < * /  + c2 / i  and 1 / /  = & 2 / ,  + « c
/=1 /=1 M /=1
Therefore
o n n
» Z  w  -  2 >  2 > <  -  & y > ,
U _  1=1 /=1 /=1D =   , .> _  /=1 /=1/? n n----------and  ^—----------------
« L + 2 - I + I +
/=i /=i 1=1
The correlation coefficient R provides an excellent qualitative measure of 
the experimental data.
„ n ! > , - ( * * , + < 0 1 %  1 M ,
R  ~  [ 1 -  — ------------- = ------------ ] x l 0 0 %
n
The acceptable R value for engineering purposes should be greater than 
90%. The value of R serves as an indicator o f the amount of deviation between the 
correlation and the experimental data. When R is 100%, it indicates an ideal 
situation.
3.5 Sewage Sample Collection
Sampling, as applied in water analysis, is defined as the process of 
selecting a part o f material i.e. water sample, small enough in volume to be 
transported conveniently and handled in the laboratory, while still accurately 
representing the part of the environment sampled (Quevauviller, 2002). The 
definition indicates that the implications of the analysis have to be taken into
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consideration before taking the sample or coming up with a sampling scheme. 
However, one should remember that the analytical results may depend on the 
method used for the analysis although it also depends on the type of sampling plan 
used (Prichard, 1995).
When collecting a sewage sample it is necessary to be aware of the 
inherent variability that may exist with its physico-chemical and biological 
composition. This would highly depend on the amount and type of wastewater that 
enters the sewage treatment works, the sewage treatment process involved, and the 
level of reliability of the wastewater treatment processes applied. However, it is 
absolutely essential to adhere closely to the health and safety guidelines for safe 
handling of the wastewater enforced by the authorities that treat the wastewater.
Representative samples for phosphates analysis were collected from the 
University of Surrey Lake and Southern Waters wastewater treatment plant in 
Brighton UK although preliminary studies were conducted using model water 
samples prepared in the laboratory. 10 litre plastic containers were used to collect 
the samples. The lake samples were collected on a daily basis while the 
wastewater samples were collected in bulk and stored in a refrigerator in the 
laboratory. Prior to sampling, the containers were soaked in 5% nitric acid 
overnight. They were then thoroughly washed and rinsed with distilled water. The 
same procedure for cleaning was followed for all the containers that were utilised 
in holding the samples in order to avoid contamination and ensure good quality 
results. The glass materials were oven dried.
C H A P T E R  3
A N A L Y T I C A L  M E T H O D O L O G Y ___________________________________
92
C H A P T E R  3
A N A L Y T I C A L  M E T H O D O L O G Y
3.6 Quality Control and Assurance
The quality control and assurance of any scientific method or 
instrumentation is essential when validating data. The most important aspects of 
quality control and assurance are accuracy, precision and sensitivity. These 
aspects are explained in detail in this section and how they have been 
implemented and influence the research work.
3.6.1 Accuracy
The accuracy of a measurement is the degree of agreement between the 
measured value and the true value. An absolute true value is seldom known and 
therefore, a more realistic definition of accuracy would be the agreement between 
a measured value and the accepted true value (Christian, 2004). Accuracy is 
usually expressed in terms of error and hence can only be given as an estimate. 
Systematic errors that tend to deviate or introduce bias to all measurements are the 
main source of error that can affect the accuracy of a measurement. They are 
affiliated to sample handling, faulty instrumentation or operator’s fault. Accuracy 
can be determined by analysing samples of known concentration and comparing 
the mean measured value to the actual true value. In order to determine accuracy 
in analytical methods, certified reference materials have been produced at both 
international and national level. It is on this basis that in this research study, 
certified reference materials were used with the aim of determining the analytical 
methods adopted.
3.6.2 Precision
The degree of agreement between replicate measurements of the same 
quantity, that is, the repeatability o f results is referred to as ‘precision’ (Christian, 
2004). Precision is usually quantified by the use of the coefficient o f variation or 
relative standard deviation. Relative standard deviation is the parameter of choice 
for comparing the precision of data o f different units and magnitudes and is 
normally used in numerous analytical researches. This can at the same time be 
expressed in terms of percentage. The percentage relative standard deviation 
enables a quick appreciation of the degree of variation present in an experiment or
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set of results. Similarly, it allows for comparison between experiments (Christian, 
2004).
All the experiments in the study were conducted in duplicates or triplicates 
in order to determine reproducibility of the results using homogeneous samples. 
Through out this research, standard deviations have been used as an approximate 
measure of the precision of a set of values (see appendix).
3.6.3 Sensitivity
The ability to distinguish between small differences in concentration of 
analyte at a desired confidence level while using an analytical instrument or 
method is referred to as ‘sensitivity’. The sensitivity of a method has an influence 
on the results uncertainty, which means, uncertainty increases with decreasing 
analyte concentration. The slope of a calibration curve for a particular 
concentration gives a measure of the sensitivity. The greater the sensitivity, the 
more a sample can be diluted, which results in a decrease in the level of 
interferences (Quevauviller, 2002). Great care was taken in the entire research 
work in preparing all the calibration curves in order to achieve the best sensitivity.
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Liquid-Liquid Extraction for the Recovery of
Phosphorous
4.1 Introduction
The increasing costs o f raw materials associated with the inflexible need 
for environmental control justifies the growing interest towards recovering and 
recycling valuable products occurring in solid as well as liquid wastes resulting 
from natural and anthropogenic activities (Tiravanti et al., 1996). Consequently, in 
view of the limited resources o f phosphorus and the increasing concern of 
sustainability, the recovery of phosphorus from wastewater is a promising and 
laudable approach (Schaum et al., 2005). The Western European phosphate 
industry has fixed an objective of using 25 percent recovered phosphates and has 
recognised sewage and animal wastes among the majority of potential sources.
In liquid-liquid extraction, a small quantity of an organic soluble chemical 
called the extractant is dissolved in a second organic liquid called the diluent. The 
mixture is often referred to as the solvent or the organic phase. The diluent may be 
a material such as kerosene or similar hydrocarbon. In this study, 
Benzyldimethylamine and kerosene were used as an extractant and a diluent 
respectively. During the extraction process, the extractant reacts chemically with 
the phosphates in the aqueous phase forming a phosphate-extractant complex that 
is soluble in the kerosene (Cornwell, 1979). The extractant 
(Benzyldimethylamine) contains a non-polar part that causes the extractant to 
remain organically soluble and a polar group that project into the water being the 
active site for phosphate ion complexation.
The water phase containing the phosphate ions to be extracted is called 
‘the feed’. The phosphate rich organic phase is called ‘the extract’ and the 
resultant aqueous phase is called ‘raffmate’. The recovery of phosphates from the 
organic phase in a concentrated form, while allowing the organic solvent to be 
recycled, is the second major part o f the liquid-liquid extraction. Generally, the 
extraction step accomplishes the largest degree of purification because of the
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selectivity o f the solvent used whereas the major part of the concentration process 
is done during stripping. A stripping agent has to be chosen that will enable the 
phosphates to leave the organic phase to enter the strip phase. Sulphuric acid has 
been used successfully as a stripping agent for numerous extraction works. It is the 
same stripping agent that has been utilised in this project. This way enables 
phosphates in the organic phase to exchange for protons in the acid phase, 
producing phosphoric acid and regenerated solvent (Cornwell, 1979).
In this chapter, laboratory studies on the application of liquid-liquid 
extraction for recovering phosphate are presented and results are discussed.
4.2 Surfactant and Diluents selection
Seven different cationic surfactants were selected and subjected to 
solubility tests on both water and diluents (Kerosene, Acetone and ethanol). The 
cationic surfactants that were selected and investigated upon and tested are listed 
here below as follows:
• Benzalkonium chloride
• Benzyldimethylamine
• Dibenzylamine
• 2 ethyl-4-methylimidazole
• Hexadecyltrimethylammonium bromide
• Dodecyltrimethylammonium bromide
• Tritylamine
4.2.1 Benzalkonium chloride
Benzalkonium chloride (alkyl dimethyl benzyl ammonium chloride) is a 
mixture of alkylbenzyl dimethylammonium chlorides of various alkyl chain 
lengths. It is commonly used as an antiseptic and spermicide (Jungermami, 1970). 
This product is a nitrogenous cationic surfactant belonging to the quaternary 
ammonium group. The greatest bactericidal activity is associated with the Cl 2- 
C14 alkyl derivatives. It has been considered one of the safest synthetic biocides 
known, and has a long history of efficacious use. Applications are extremely wide 
ranging, from disinfectant formulations to microbial corrosion inhibition in the 
oilfield sector. It is often used to disinfect skin prior to withdrawing blood for
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Blood Alcohol Content (BAC) tests because it contains no alcohol and cannot be 
said to taint the BAC test. Benzalkonium chloride is readily soluble in water, 
alcohol, and acetone. Formulation requires great care as Benzalkonium can be 
inactivated by certain organic compounds, including soap, and must not be mixed 
with anionic surfactants. Aqueous solutions o f benzalkonium chloride are neutral 
to slightly alkaline, colourless, and nonstaining. Solutions foam profusely when 
shaken; have a bitter taste, and a faint almond-like odour, which is only detectable 
in concentrated solutions. Benzalkonium chloride has a specific gravity of 0.98 
g/cm3 and is very soluble in water. It is because of its high solubility in water that 
Benzalkonium chloride was ruled out as a potential candidate for the experiment. 
Its molecular structure is illustrated below.
R  =  C 8H 17 " C 18H 37
4.2.2 Benzyldimethylamine
Dimethylbenzylamine is an organic compound with the formula 
C6HsCH2N(CH3)2. The molecule contains the benzyl group, C6H5CH2, attached to 
a dimethylamino functional group. Dimethylbenzylamine is a colourless to light 
yellow liquid. It has a molar mass o f 135.21 g/mol and a specific gravity of 0.91 
g/cm3. It is used as a catalyst for the formation o f polyurethane foams and epoxy 
resins. Like some other benzyl compounds, the molecule can undergo directed 
ortho metalation with butyl lithium. The amine is basic and undergoes 
quaternization with methyl iodide to give the ammonium salt 
[C6H5CH2N(CH3)3]+r, which are useful phase transfer catalysts. The chemical 
structure o f Dimethylbenzylamine is shown below.
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Preliminary tests on Dimethylbenzylamine showed that it was soluble in 
kerosene but insoluble in water. It is these two properties that qualified the use of 
Dimethylbenzylamine as the best extractant to be used in the extraction studies.
4.2.3 Dibenzylamine
The reagent Dibenzylamine, has a molecular formula C6H5NHCH2C6H5 
(Ci4Hi5N) and belong to the family of aromatic amines. It has a molecular weight 
of 197.28. It is colourless to light yellow in colour and has a characteristic fishy 
odour. Dibenzylamine has a specific gravity of 1.03 and is slightly soluble in 
water (0.2 gm/100 ml). Dibenzylamine finds applications predominately in the 
rubber processing industry. It is used to prepare rubber accelerator for the 
vulcanization process and reaction-stoppers. Dibenzylamine type accelerators 
reduce nitrosamine production in the compounding process. The molecular 
structure of dibenzylamine is given below.
Although preliminary experiments on dibenzylamine showed similar 
results to those of benzyldimethylamine in terms of solubility in water and 
kerosene (diluent), the quantity of phosphates it was capable of extracting was 
much lower. Similarly, the cost o f purchasing a litre of dibenzylamine was very 
high in comparison to benzyldimethylamine making it preferable for use as an 
extractant compared to dibenzylamine.
4.2.4 2-ethvl-4-methvlimidazole
The molecular formula of 2-ethyl-4-methylimidazole is C6HioN2, The 
compound has molecular weight of 110.16. It is a colourless to slightly yellow 
crystalline solid having a weak amine like odour and a specific gravity of 0.98. 
Imidazole is a heterocyclic compound of five member di-unsaturated ring 
structure composed of three carbon atoms and two nitrogen atoms at non-adjacent 
positions. The simplest member of the imidazole family is imidazole itself. An
H
98
C H A P T E R  4
LIQUID-LIQUID E X T R A C T I O N
imidazole ring is found in histidine (an essential amino acid). They have 
antibacterial, antifungal, antiprotozoal, and antihelmintic activity.
Several distinct phenylimidazoles are therapeutically useful antifungal 
agents against either superficial or systemic infections. Thiabendazoles which 
have antihelmintic and antifungal properties are imidazole class compounds. 
Benzimidazole is a dicyclic compound having an imidazole ring fused to benzene. 
Benzimidazole structure is a part of the nucleotide portion of vitamin B 12 and the 
nucleus in some drugs such as proton pump inhibitors and antihelmintic agents. 
Imidazole has two nitrogen atoms. The one is slightly acidic, while the other is 
basic. In general, imidazole and its derivatives are widely used as intermediates in 
synthesis of organic target compounds including pharmaceuticals, agrochemicals, 
dyes, photographic chemicals, corrosion inhibitors, epoxy curing agents, 
adhesives and plastic modifiers. 2-ethyl-4-methylimidazole is mainly used as an 
epoxy catalyst in adhesives, coatings, composites and as an accelerator for 
anhydride curing agents. It is also used to delay cross-linking of polyester 
reactions. The molecular structure of 2-ethyl-4-methylimidazole is given below.
Due to 2-ethyl-4-methylimidazole’s high solubility in water, it was ruled 
out as a suitable candidate for the extraction work.
4.2.5 Hexadecyltrimethylammonium bromide
Hexadecyltrimethylammonium bromide ((Ci6H33)N(CH3)3Br) is one of the 
components o f the topical antiseptic cetrimide.
The hexadecyltrimethylammmonium or cetrimonium cation is an effective 
antiseptic agent against bacteria and fungi. It is a cationic surfactant and its uses 
include providing a buffer solution for the extraction of DNA. It is also widely 
used in hair conditioning products. Like any surfactant, it forms micelles in 
aqueous solutions.
The closely related compounds cetrimonium chloride and cetrimonium 
stearate are also used as topic antiseptics, and may be found in many household
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products such as shampoos and cosmetics. Hexadecyltrimethylammonium 
bromide has a molecular weight of 364.45 and it is highly soluble in water. It is 
due to its solubility to water that it was not selected as a potential candidate for the 
extraction work. The molecular structure of Hexadecyltrimethylammonium 
bromide is illustrated below.
4.2.6 Dodecyltrimethylammonmm bromide
Dodecyltrimethylammonium bromide is a surfactant that belongs to the 
Quaternary ammonium group. It has a molecular formula of 
CH3(CH2)nN(Br)(CH3)3 and molecular weight of 308.34. It appears as a white 
crystalline colourless powder and it is soluble in water. However, it is this 
property that necessitated the disqualification of Dodecyltrimethylammonium 
bromide from further trials. The molecular structure of 
Dodecyltrimethylammonium bromide is shown below.
4.2.7 Tritylamine (Triphenylmethylamme)
Tritylamine or Triphenylmethylamine has a molecular formula C19H 17N. It 
is white in colour and appeal's in crystalline form. Tritylamine has a formula mass 
of 259.35 with a melting and boiling points of 105 0 C and 223° C respectively. 
Tritylamine has a specific gravity o f 1.198 and is insoluble in water. The 
preliminary work on phosphates extraction using Tritylamine showed similar 
results as those of benzyldimethylamine and dibenzylamine in terms of solubility 
in water and kerosene (diluent), the quantity of phosphates it was capable of 
extracting was very low. For this reason, both Tritylamine and dibenzylamine 
were eliminated and only benzyldimethylamine chosen as the main extractant. 
The molecular structure of Tritylamine is given below.
© . © 
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4.3 Methodology and Experimental procedures
4.3.1 Laboratory Set-up
A batch process was used for both extraction and stripping experiments. 
The extractant and the samples were mixed together in Duran bottles and the 
contents thoroughly shaken using a shaker as illustrated in the figure 4.1 below. 
The mixture was then transferred to separating funnels and allowed to separate as 
illustrated in the figure 4.2 below.
Figure 4.1 Shaker used for mixing Wastewater sample and extractant
Figure 4.2 Wastewater and Extractant mixture Separation using 
Separating funnels______________________________________________
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4.3.2 Calculation Method to Determine the Extraction Efficiency
In this study %E was calculated using the following equation:
%E =
[Pp(aqs)
where [P]o(aqs) = the equilibrium phosphate concentration in the aqueous 
phase before extraction. [P]rem(aqs) = the remaining equilibrium phosphate 
concentration in the aqueous phase after extraction.
The stripping percentage (%S), which measures how well a stripping agent 
can recover phosphates from organic phase to aqueous phase, was calculated 
using the following equation:
%,v = [P]aci<l .V100 
[P]org
Where [P]acid = concentration of the phosphates in the acid phase and 
[P]org = concentration of the phosphates in the organic phase.
4.3.3 Model Water Preparation
The model water was prepared using a commercial phosphate standard 
solution lOOOmg/L (VWR, 2003). The concentration was made in the range of 1 
and 30 mg/L by taking different volumes from the stock solution and filling to the 
mark in 250ml volumetric flasks with distilled water as shown on the table 5 
below.
Table 4.1: Model Water Preparation
Volume of P Pipetted from Concentration of P in Model Water
Stock Phosphate Standard (mg/L) in 250ml Volumetric Flask
Solution (mg/L) _
0.25 1
0.75 3
1.50 6
2.50 10
3.50 14
4.50 18
5.50 22
6.25 25
7.00 28
7.50 30
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The equation used to prepare the model water is given below:
C,Fi = C2V2
Where
Ci = Concentration of stock standard P solution 
C2 = Concentration o f the model water required 
Vi = Volume of stock standard P solution pipetted 
y 2 = Volume of the model water required
4.3.4 Lake Water Sampling
Lake water was collected everyday from the University of Surrey. Quality 
parameters of turbidity, pH, and phosphate concentration were measured daily. 
The lake water was selected for the second part of the experiment to simulate 
surface water as it contains more suspended solids compared to the model water. 
The measure of phosphate concentration obtained each day from the lake water 
was very low at 0.14 mg/L in average. Consequently, the phosphate concentration 
was adjusted using a phosphate standard solution, to suit the different levels 
required for the study using the equation in section 4.3.3 above, while taking into
y
account the already available phosphate concentration in lake water samples. The 
phosphate concentration levels investigated in this study were 3, 6 and 10 mg/L 
respectively.
4.3.5 Wastewater Sampling.
The wastewater sample used in this study was obtained from Southern 
Water in Brighton UK. The sample was taken after the pre-sedimentation stage 
and its characteristics determined in the lab. The results are as shown on the table 
below.
Table 4.2 Wastewater Quality Parameters
Quality Parameters Values
pH 7.36
Suspended Solids (mg/L) 36
Total P (mg/L) 22.86
Soluble P (mg/L) 21.27
Turbidity (NTU) 52.2
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4.3.6 Procedures followed in Model Water Study
4.3.6.1 Extraction work 
Solubility tests
10 ml of an extractant was placed into a graduated conical flask. A 
similar volume of water was then added and the flask covered with a stopper. The 
mixture was then shaken thoroughly using a shaker (KS125, Merck Ltd, England) 
at a speed of 250 rpm for 10 minutes. As soon as the agitation time had elapsed, 
the conical flasks were left to stand for 30 minutes in a fume cupboard. 
Observations were then recorded on the miscibility of the extractant to water. The 
same procedure was then followed in selecting a suitable diluent this time 
substituting water in the mixture for a diluent.
Kinetics o f  extraction (m ixing and separation time)
In order to determine the best mixing time, a volume (ml) of the 
extractant (benzyldimethylamine + kerosene) and model water containing known 
phosphate concentration, at a phase ratio of 1 : 1  was placed in duran bottles (500 
ml). The concentration levels of the model water varied from 1 to 30 mg/L. The 
mixtures were then shaken in a shaker (KS125, Merck Ltd, England) at a speed of 
250 rpm at a time interval ranging from 1 to 24 hours. The contents were then 
transferred into separating funnels (500 ml) and aqueous phase tested for the 
remaining phosphate concentration. The same procedure was used to determine 
the best separation time by varying the amount of time by which the phases 
separated in the separating funnels between 2 and 24 hours.
Extractant/D iluent Phase Ratio
The best extractant/diluent phase ratio was determined using the phase 
variation method. The mixture of the surfactant and kerosene at different ratios 
formed the organic phase used in the extraction process. This was varied in order 
to optimise the operating conditions. The organic phase (Kerosene and 
Benzyldimethylamine) was prepared using the ratios 1:1, 1:2, 2:1, 1:4, 4:1, 6:1, 
9:1, 15:1 and 20:1. The organic phase was then placed in duran bottles (500 ml) 
and model water added at a volume ratio of 1:1. The mixtures were thoroughly
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shaken using a shaker (KS125, Merck Ltd, England) for 6 hours at a speed of 250 
rpm. The phases were then allowed to separate in separating funnels (250 ml) for 
2 hours. The organic phase of the varied phase ratios was used to extract 
phosphates from model water of a wider range of P concentration (1 to 30 mg/L).
Aaueous/Orsanic Phase ratio
It was necessary to determine the optimum phase ratio between the 
organic (extractant) and the aqueous phase (model water) so as to be used in 
subsequent experiments. The organic phase was prepared using the ratio 2:1 as 
kerosene and benzyldimethylamine based on the preliminary studies. The phase 
ratios by volume studied were 1:1, 1:2, 2:1, 1:4, 4:1, 6:1, 9:1, 15:1 and 20:1 as 
aqueous phase to organic phase. The mixtures were thoroughly shaken using a 
shaker (KS125, Merck Ltd, England) for 6 hrs at a speed of 250 rpm. The phases 
were then allowed to separate in separating funnels (250 ml) for 2 hours.
4.3.6.2 Stripping Procedure 
Separation time
In order to determine the separation time, the organic phase obtained from the 
extraction process was mixed with a stripping agent at a volume ratio of 1 :1. This 
comprised of 125 ml of organic phase mixed with a similar amount of the 
stripping agent. The organic phases used were those that came from the extraction 
involving model water samples with starting phosphorus concentration of 3 , 6 and 
10 mg/L respectively. The mixture was then placed in Duran bottles (500ml) and 
shaken in a shaker at a speed o f 250 rpm for 4 hours. The mixture was then 
transferred into separating funnels and allowed to separate for time intervals 
varying between 1 to 24 hours.
Orsanic-P/A cid Phase ratio
The stripping agents chosen for the study were sulphuric and hydrochloric 
acid. The organic phase from the extraction step was mixed with the acid at 1:1, 
1:2, 2:1, 1:4, and 4:1 ratio so as to determine the best phase ratio. The two 
solutions were placed in duran bottles (500ml) and the mixture thoroughly shaken 
using a shaker (KS125, Merck Ltd, England) for 4 hours at a speed of 250 rpm. In
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this particular experiment, the organic phases used were those taken from the 
extraction of aqueous solutions with starting phosphorus concentration of 3 , 6 and 
10 mg/L respectively. The phases were then allowed to separate in separating 
funnels (250 ml). Different quantities of phosphates were to have been transferred 
from the organic phase to the sulphuric acid phase. The phosphate recovered was 
determined by examining its concentration in the acid phase using the ascorbic 
acid method.
4.3.7 Procedure followed in Lake Water Study
4.3.7.1 Extraction work
Three phosphate concentrations of 3, 6 and 10 mg/L were investigated. 
The extractant was prepared by adding Kerosene (83.33 ml) to 
Benzyldimentylamine (41.67 ml) based on 2:1 ratio by volume. Meanwhile, the 
phase ratio between the organic and the aqueous phases was maintained at 1 :1 . 
The mixtures comprising of the two phases (125 ml each in volume) were then 
agitated thoroughly for 6 hours. After agitation, the mixture was transferred to a 
250 ml funnel and allowed to be separated for a duration of 2 hours. The amount 
of phosphate extracted was determined by examining the remaining concentration 
of phosphates in the aqueous phase using the ascorbic acid method as outlined in 
chapter 3.
4.3.7.2 Stripping Procedure
The organic phase generated after the extraction step was subjected to the 
stripping process. 125 ml of the extract was mixed with 125 ml of 6M Sulphuric 
acid in Duran bottle (250 ml) and the mixture thoroughly shaken using a shaker 
(KS125, Merck Ltd, England) for 4 hrs at a speed of 250 rpm. Subsequently after 
agitation, the mixture was transferred to a 250 ml funnel and allowed to be 
separated for a duration of 2 hours. The amount of phosphates recovered was 
determined by examining the concentration of phosphates in the acid phase using 
the ascorbic acid method.
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4.3.7.3 Extractant Recycling Study
The organic phase obtained after the stripping process was subjected to 
further study. The effect of the ratio o f fresh to recycled extractant was 
investigated. The fresh phase was composed of a mixture of Kerosene and 
surfactant at a ratio of 2:1. The ratios of the fresh to recycled extractants were 1:1, 
1:2, 1:4. The various extractants were mixed with the lake water sample at the 
phase ratio of 1:1 and the mixture thoroughly shaken using a shaker (KS125, 
Merck Ltd, England) for 6 hrs at a speed of 250 rpm and the mixture allowed to 
separate in separating funnels for 2 hours. Different quantities of phosphates were 
to have been transferred from the aqueous phase to the organic phase.
4.3.8 Procedure followed in Wastewater Study
4.3.8.1 Extraction Work
The mixture of kerosene and surfactant at a ratio o f 2:1 formed the organic 
phase used in the extraction process. Similarly, the volume ratio of the organic 
phase to the aqueous phase (wastewater) used was maintained at 1:1. The organic 
phase was mixed with the wastewater in Duran bottles (250 ml) and the mixture 
thoroughly shaken using a shaker (KS125, Merck Ltd, England) for 6 hrs at a 
speed of 250 rpm. The phases were then allowed to separate in separating funnels 
(250 ml) for 2 hours. Different quantities of phosphates were to have been 
transferred from the aqueous phase to the organic phase. The phosphate recovered 
and contained in the organic phase was determined by examining the 
concentration of phosphates in the aqueous phase using ascorbic acid method in 
comparison to the initial sewage phosphate concentration before extraction.
4.3.8.2 Stripping Procedure
The organic phase obtained from the extraction stage was mixed with 6M 
Sulphuric acid at a volume ratio o f 1:1 and the mixture thoroughly shaken using a 
shaker (KS125, Merck Ltd, England) for 4 hrs at a speed of 250 rpm. The phases 
were then allowed to separate in separating funnels (250 ml) for 2 hours. Different 
quantities of phosphates were to have been transferred from the organic phase to
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the acid phase. The remaining phosphate content in the acid phase was determined 
using the ascorbic acid method.
4.3.8.3 Extractant Recycling Study
The organic phase obtained after the stripping process was re-used again 
in the extraction work in order to study the extraction efficiency o f such a reagent 
for long term use. Three kinds of ratio between the recycled and fresh organic 
phases were investigated in the same way as the experiment in the lake water 
study. The fresh phase was composed of a mixture of Kerosene and surfactant at a 
ratio of 2:1. The ratios of the fresh to recycled extractants were 1:1, 1:2, 1:4. The 
different diluents formed as a result were mixed with the sewage samples in 
Duran bottles (250 ml) at the phase ratio of 1:1 and the mixture thoroughly shaken 
using a shaker (KS125, Merck Ltd, England) for 6 hrs at a speed of 250 rpm and 
the mixture allowed to separate in separating funnels for 2 hours. Different 
quantities of phosphates were to have been transferred from the aqueous phase to 
the organic phase. The organic phase was then collected and stripped using 
sulphuric acid (6M) following the same stripping procedure as outlined above. 
The same acid used for stripping the organic phase of the fresh extractant was 
reused in the extractant recycling study in order to minimise the amount of the 
acid used. The experiment was conducted for eight runs with each run involving a 
reuse of the extractant with an addition of a freshly prepared one at the same ratio 
of 1:2. The aqueous phase in each subsequent run was analysed for the remaining 
phosphates using the ascorbic acid method.
4.4 Results
4.4.1 Model Water Study
In order to separate and concentrate phosphates in the acid extract, an 
investigation was carried out on the efficiency of solvent extraction using several 
cationic surfactants with respect to the procedure outlined in section 4.2.5 above. 
The preliminary experiments based on solubility tests of the seven chosen cationic 
surfactants (table 4.3) revealed that Benzyldimethylamine and Dibenzylamine 
were the best extractants. The rest of the surfactants were elimited on the gorunds 
of there solubility to water and the diluent. The two surfactants were found to be
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miscible in kerosene (diluent) but immiscible in water. However, 
Benzyldimethylamine was the most effective extractant to increase the extraction 
efficiency of phosphates to the solvent phase and decreasing that of the extractant 
to aqueous phase in comparison to Dibenzylamine using kerosene as diluent 
(figure 4.3).
Table 4.3 Solubility of chosen surfactants in selected diluents
Surfactant Diluent
Kerosene Acetone ethanol Water
Benzalkonium chloride Insoluble Soluble Soluble Soluble
Benzyldimethylamine Soluble Soluble Soluble Insoluble
Dibenzylamine Soluble Soluble Soluble Sparinglysoluble
2 ethyl-4-methylimidazole Soluble Soluble Soluble Soluble
Hexadecyltrimethylammonium
bromide
Sparingly
Soluble
Sparingly
soluble Soluble Soluble
Dodecyltrimethylammonium
bromide Insoluble Soluble Soluble Soluble
Tritylamine Soluble Soluble Insoluble Soluble
Similarly, Benzyldimethylamine comes in liquid form from the manufacturer 
hence making it easy to use. In comparison with the other surfactants selected for 
this study, Benzyldimethylamine was found to be relatively cheap to purchase, 
therefore offering an economic edge over the other surfactants that had been 
selected for the research work.
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Phosphate Recovery
Benzyldimethylamine Dibenzylamine
Extractant
■ Cone, of P in model water (mg/L) ■ Extraction efficiency (%)
Figure 4.3 Study of the best extractant type on Phosphates 
Extraction.
The effect of mixing time on extraction was investigated. The time of mixing was 
varied between 1 hr to 24 hrs. The results are represented in figure 4.4 below in 
the form of extraction efficiency verses mixing time. Three levels of starting P 
concentrations namely 3, 6 and 10 mg/L were considered for this experiment. The 
results show that the extraction efficiency initially remains constant but starts to 
decrease after 8 hrs of agitation. This shows that although diffusion is influenced 
by the stirring process, it has very little impact on extraction. The mixing time was 
therefore fixed at 6 hrs for all other experiments since high extraction efficiency 
was realised at this level with respect to all the initial phosphates concentration 
considered.
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Phosphate Recovery
100
80 -
>.o
.1 60 o
£lli
.1 40
oa
XIii
■3 mgP/L 
• 6 mgP/L 
•10 mgP/L
20
“i 1 r
2 4 6 8
Mixing time (hrs)
16 24
Figure 4.4: The effect of mixing time on the extraction of Phosphates.
Nevertheless, the study also demonstrates that the volume ratio of 
kerosene to surfactant is an essential parameter which affects the extraction 
efficiency and indeed the entire treatment cost. The optimum volume ratio of 
kerosene to surfactant was 2:1 based on the extraction efficiency (figure 4.5). The 
exfraction efficiency under this volume ratio was greater than 80% for the starting 
phosphates concentration of greater 3 mg/L. Similarly, a 1:1 volume ratio between 
the aqueous and organic phase was adequate to achieve high extraction efficiency 
with respect to the experiments carried out on the model water. Several other 
volume ratios were considered (figure 4.6) which indicated that an increase in the 
volume of the surfactant in the organic phase tends to increase the efficiency of 
extraction. The 1:1 phase volume ratio was preferred to the rest of the ratios 
investigated in this study purely for economic reasons and the fact that the 
differences in extraction efficiency were not enormous. The results are presented 
in two parts ((a) and (b)) on figure 4.6 for clarity purposes.
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Phosphates Recovery (a)
Starting P Concentration (mg/L)
P hosphates Recovery (b)
Starting P concentration (mg/L)
Figure 4.5: Comparison of different Kerosene and
Benzyldimethylamine Ratios used in Extraction of Phosphates in 
Relation to Extraction Efficiency.______________________________
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Phosphate Removal (a)
Starting P Concentration (mg/L)
Phosphate Removal (b)
Aqueous/Organic 
Phase Ratio
04:01
06:01
09:01
-HK- 15:01
20:01
Starting P Concentration (mg/L)
Figure 4.6: A Comparison of Different Aqueous and Organic Phase 
Ratios used in Extraction of Phosphorus in Relation to Extraction 
Efficiency. The results are presented as (a) and (b) for nine 
aqueous/organic phase ratios._____________________________________
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Similarly, sets o f experiments were conducted in order to determine the 
effects o f separation time on the extraction efficiency. In order to prepare the 
extractant for the experiment, kerosene was mixed with benzyldimethylamine at a 
ratio of 2:1. A 1:1 phase ratio by volume of model water to extractant, and for 
agitation speed of 250 rpm and at a shaking duration of 6 hours were part of the 
conditions used in investigating the effects o f separation time. In addition, the 
separation time was also varied from 2 hrs to 24 hrs while the range of starting P 
concentration varied between 1 to 30 mg/L. The results are represented in figure 
4.7. The difference in extraction efficiency between 2, 4 and 8 hrs was 
insignificant. The highest extraction efficiency was recorded between 16 and 24 
In's separation time. The two sets of results represented in figure 4.7 below as (a) 
and (b) for clarity reasons, achieved extraction efficiency of greater than 80%. 
Therefore, following the above observations it was agreed that 2 hours separation 
time was adequate for achieving practical extraction efficiency.
Meanwhile, sulphuric and hydrochloric acids were used in the stripping 
process. Three levels o f the acid concentrations were investigated for their 
stripping efficiency on the phosphate rich organic phase obtained after the 
extraction process. These included 3M, 6M and 9M for the case of sulphuric acid 
and 2M, 4M and 6M for hydrochloric acid respectively. The results are 
represented in figure 4.8 below. The results obtained did not register significant 
differences in terms of acid type and concentration used and a stripping efficiency 
of >90% was achieved irrespective of the acid type and concentration (Figure 
4.8). Five kinds of mixing ratios (1:1, 1:2, 1:4, 2:1, and 4:1) between the organic 
phosphate rich phase and the stripping media were also investigated as evident in 
figure 4.8. The results demonstrated an increase in stripping efficiency with 
increase in the volume of the acid. A 1:1 ratio by volume was accepted as 
adequate to achieving practical stripping efficiency at an agitation period of 4 
hours. Since the studies on the two acids did not show significant differences, 
sulphuric acid (6M) was selected as the main stripping agent and therefore used in 
subsequent experiments.
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Phosphorus Recovery (a)
Starting P Concentration (mg/L)
—0—2hrs Av. Separation Time *-0-4hrs Av. Separation Time —A— 8hrs Av. Separation Time
Phosphate Recovery (b)
Starting P Concentration (mg/L)
- X - 16hrs Av. Separation Time -JK- 24hrs Av. Separation Time
Figure 4.7: The effect of separation time on the extraction of 
Phosphates. The results are presented as (a) and (b) for five 
separation times.________________________________________________
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Phosphates Recovery (a)
Ratio of Organic to Acid Phase
Phosphates Recovery (b)
Ratio of organic to Acid Phase
Figure 4.8: The effect of Organic to acid phase ratios on the stripping 
process of Phosphates using (a) Sulphuric acid and (b) Hydrochloric 
acid.
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The effect of separation time on the stripping efficiency was also studied 
using a 1:1 phase ratio and agitation speed of 250 rpm for a duration of 4 hours. 
The results demonstrate that stripping efficiency increases with an increase in 
separation time although it remains constant after 16 hours. However, 2 hours 
separation time seemed adequate in achieving a practical stripping efficiency 
greater than 96% hence it was used in the succeeding experiments.
Phosphate Recovery
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Separation Time (hrs)
16 24
Figure 4.9: Analysis of phase separation of stripping phosphate from 
the extractant. The data deviation range ~ 0-4%.___________________
The stripping efficiency was determined by the phosphate mass 
difference before and after the stripping process. It can be observed that the 
stripping efficiency is averaged at 90% and 97% (table 4.4 to 4.7) for the 
experiments conducted with the starting phosphate concentration of 3, 6 and 10 
mg/L respectively. The stripping agents used in this case to recover the 
phosphates from the organic phase were 6M H2SO4 and 6M HC1. The results 
obtained from the study provided important parameters which were used in the 
subsequent studies. Table 4.8 provides a summary of the best conditions
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established in the model water study, which were used in the subsequent 
experiments.
Table 4.4: Stripping Results of 3 mg/L Starting Phosphorus 
Concentration using 6M Sulphuric Acid.______________________
Dilution
Factor
Volume of 
Sample to 
make up to 
60ml
Absorbance 
at 880 nm 
range
Concentration 
of P. in Acid Phase 
(mg/L)
Stripping
Efficiency
(%)
7.2 8.33 0.055 1.948 97.39
7.2 8.33 0.053 1.877 93.85
7.2 8.33 0.052 1.842 92.08
7.2 8.33 0.053 1.877 93.85
7.2 8.33 0.054 1.912 95.62
7.2 8.33 0.051 1.806 90.31
7.2 8.33 0.051 1.806 90.31
7.2 8.33 0.054 1.912 95.62
7.2 8.33 0.045 1.594 79.69
7.2 8.33 0.052 1.842 92.08
7.2 8.33 0.050 1.771 88.54
7.2 8.33 0.049 1.735 86.77
Mean 91.34
Table 4.5: Stripping Results of 10 mg/L Starting Phosphorus 
Concentration using 6M Sulphuric Acid.
Dilution
Factor
Volume of 
Sample to 
make up to 
60ml
Absorbance 
at 880 nm 
range
Concentration of P. 
in Acid phase 
(mg/L)
Stripping 
Efficiency (%)
7.2 8.33 0.104 3.683 70.56
7.2 8.33 0.139 4.923 94.31
7.2 8.33 0.132 4.675 89.56
7.2 8.33 0.138 4.887 93.63
7.2 8.33 0.137 4.852 92.95
7.2 8.33 0.138 4.887 93.63
7.2 8.33 0.140 4.958 94.98
7.2 8.33 0.136 4.817 92.27
7.2 8.33 0.124 4.392 84.13
7.2 8.33 0.139 4.923 94.31
7.2 8.33 0.123 4.356 83.45
7.2 8.33 0.137 4.852 92.95
Mean 89.73
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Table 4.6: Stripping Results of 3 mg/L Starting Phosphorus 
Concentration using 6M Hydrochloric Acid. _________
Dilution
Factor
Volume of 
Sample to 
make up to 
60ml
Absorbance 
at 880 nm 
range
Concentration 
of P. in Acid Phase 
(mg/L)
Stripping 
Efficiency (%)
7.2 8.33 0.048 1.700 84.97
7.2 8.33 0.051 1.806 90.28
7.2 8.33 0.052 1.842 92.05
7.2 8.33 0.053 1.877 93.82
7.2 8.33 0.047 1.665 83.20
7.2 8.33 0.052 1.842 92.05
7.2 8.33 0.048 1.700 84.97
7.2 8.33 0.052 1.842 92.05
7.2 8.33 0.053 1.877 93.82
7.2 8.33 0.051 1.806 90.28
7.2 8.33 0.052 1.842 92.05
Mean 89.95
Table 4.7: Stripping Results of 10 mg/L 
Concentration using 6M Hydrochloric Acid.
Starting Phosphorus
Dilution
Factor
Volume of 
Sample to 
make up to 
60ml
Absorbance 
at 880 nm 
range
Concentration 
of P. in Acid Phase 
(mg/L)
Stripping 
Efficiency (%)
7.2 8.33 0.140 4.958 95.04
7.2 8.33 0.142 5.029 96.40
7.2 8.33 0.139 4.923 94.36
7.2 8.33 0.142 5.029 96.40
7.2 8.33 0.147 5.206 99.79
7.2 8.33 0.142 5.029 96.40
7.2 8.33 0.138 4.887 93.68
7.2 8.33 0.142 5.029 96.40
7.2 8.33 0.143 5.064 97.08
7.2 8.33 0.145 5.135 98.43
7.2 8.33 0.142 5.029 96.40
7.2 8.33 0.140 4.958 95.04
7.2 8.33 0.145 5.135 98.43
Mean 96.45
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Table 4.8: A summary of Extraction Conditions established during 
Model Water studies
Extraction
Parameter
Stripping
Parameter
Best Surfactant Benzyldimethylamine Stripping Agent H2S 0 4 (6M)
Best Mixing time 6 hrs Mixing time 4 hrs
Best separation 
time 2 ln*s
Best separation 
time 2 hrs
Mixing Ratio
(Kerosene:
Surfactant)
2:1
Mixing Ratio 
(aqueous: 
Organic Phase)
1 : 1
Mixing Ratios 
(Organic: Acid 
Phase)
1 : 1
Minimum 
detection limit 10 jug/L
Minimum 
detection limit 10 pg/L
Maximum
extraction
efficiency
95.60%
Maximum
stripping
efficiency
91.34%
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4.4.2 Lake Water Study Results
The extraction and stripping conditions established in the model water 
study were used in examining lake water samples collected from the University of 
Surrey Lake. Taking into consideration that the phosphate level in the lake water 
samples was less than 1 mg/L, its concentration was therefore increased to the 
needed level by the addition of a commercially obtained standard phosphate 
solution. Using a starting phosphate concentration of 3, 6, and 10 mg/L and 
kerosene to surfactant ratio of 2 :1  by volume, an overall extraction efficiency of 
greater than 94.93% was realised respectively as illustrated in figure 4.10 below
Phosphate Extraction Efficiency in relation to Lake Water
Concentration
■ Starting P Concentration (mg/L) ■ Remaining P Concentration (mg/L)
□ Extraction Efficiency (%)
Figure 4.10: Analysis of phosphate extraction on University of Surrey 
Lake water samples._____________________________________________
The resultant organic phase a product of the extraction process, was 
subjected to a stripping process with a 6M H 2S O 4, over 95% stripping efficiency 
was achieved across the three phosphate concentrations studied (figure 4.11).
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Phosphate Stripping Efficiency in relation to Lake Water 
Concentration
■ Starting P Concentration (mg/L) ■ Remaining P Concentration (mg/L)
□ Extraction Efficiency (%)
Figure 4.11: Analysis of phosphate stripping efficiency on the 
Extractant used in extracting P from University of Surrey Lake 
water samples._____________________________________
The study into the effect of recycling the extractant was conducted at this 
stage in order to determine its capability and efficiency to extract phosphates and 
the number of times it could be recycled. A fresh extractant made up of kerosene 
and the surfactant was prepared at a ratio of 2:1 by volume. A small proportion of 
this was added to the recycled extractant in order to enhance its performance. An 
extraction efficiency of 80% and 95% was achieved across the volume ratios 
considered as indicated in table 4.9 below. The results do indicate an increase in 
extraction efficiency with the increase in the fresh extractant in the organic phase. 
A 4:1 ratio by volume of recycled to fresh extractant was accepted as optimum 
and was therefore used in the study investigating the number of times the organic 
phase could be re-used. Based on the agreed phase ratio of 4:1 of recycled to fresh 
extractant, the extractant could be reused five times and still maintain an 
efficiency of >70% after five times o f it being recycled (table 4.10).
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Table 4.9: The effect of the ratio of recycled to fresh organic phase on 
the extraction efficiency_______________________________________
Concentrat 
ion of P in 
Lake water 
(mg/L)
Fresh
Organic
Phase
Recycled.'Fresh Organic Phase Ratios (%)
1:4 1:2 1:1 2:1 4:1
3 94.93 87.46 82.46 87.62 81.57 80.08
6 97.40 91.47 90.94 92.62 82.42 86.84
10 98.01 95.01 94.76 95.18 89.23 92.45
Table 4.10: Phosphorus extraction efficiency of various runs based on 
reeycled:fresh organic phase (4:1 ratio)____________________________
Concentration 
of P  in Lake 
water (mg/L)
Fresh
Organic Phase
Recycled:Fresh Organic Phase (4:1) (%)
Run 1 Run 2 Run 3 Run 4 Run 5
3 94.93 83.28 76.64 79.26 77.29 75.16
6 97.40 88.85 86.27 84.46 83.23 82.62
10 98.01 91.39 89.47 87.92 85.61 85.07
The organic phase from the recycling study was also subjected to the 
stripping process. This was done after each of the extraction steps of the five runs 
(table 4.10) were considered and with respect to individual initial phosphate 
concentration. Consequently, promising results were observed with a stripping 
efficiency of >94.5% across all the categories as shown on table 4.11-4.13 below.
Table 4.11 Stripping results (3mg/L) on the recycling study
Dilution
factor
Volume of 
Sample to 
make upto 
60 ml
Absorbance Concentration of 
P. in Acid Phase 
(mg/L)
Stripping 
Efficiency (%)
7.2 8.33 0.061 2.160 93.16
7.2 8.33 0.062 2.196 94.69
7.2 8.33 0.062 2.196 94.69
7.2 8.33 0.063 2.231 96.21
7.2 8.33 0.061 2.160 93.16
7.2 8.33 0.063 2.231 96.21
7.2 8.33 0.061 2.160 93.16
7.2 8.33 0.062 2.196 94.69
Mean 94.50
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Table 4.12 Stripping results (6mg/L) on the recycling study
Dilution
factor
Volume 
of Sample 
to make 
upto 60 ml
Absorbance Concentration of P. 
in Acid Phase. 
(mg/L)
Stripping 
Efficiency (%)
7.2 8.33 0.135 4.781 95.74
7.2 8.33 0.136 4.817 96.45
7.2 8.33 0.136 4.817 96.45
7.2 8.33 0.134 4.746 95.03
7.2 8.33 0.135 4.781 95.74
7.2 8.33 0.137 4.852 97.16
Mean 96.09
Table 4.13 Stripping results (lOmg/L) on the recycling study
Dilution
factor
Volume 
of Sample 
to make 
upto 60 
ml
Absorbance Concentration of 
P. in Acid Phase 
(mg/L)
Stripping 
Efficiency (%)
7.2 8.33 0.239 8.464 98.87
7.2 8.33 0.237 8.394 98.04
7.2 8.33 0.237 8.394 98.04
7.2 8.33 0.237 8.394 98.04
7.2 8.33 0.236 8.358 97.63
7.2 8.33 0.234 8.287 96.80
Mean 97.91
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4.4.3 Wastewater Study
Using the established extraction and stripping conditions, the liquid-liquid 
extraction efficiency was examined for real wastewater samples, which were 
collected from a full-scale wastewater treatment works from Southern Water 
Limited in England. The quality composition of the wastewater was analysed as 
shown in table 4.2 in the sewage (page 103). The study demonstrates that in spite 
of the high amount o f suspended solids in the wastewater samples, an overall 
extraction efficiency of greater than 77% (table 4.14) was achieved using a freshly 
prepared extractant. When the experiments were conducted without prior filtration 
of the samples, an average extraction efficiency of between 46 and 74% was 
achieved, while the ones conducted with prior filtration achieved an efficiency of 
62 to 82% (table 4.14 and 4.15). It seems the amount o f suspended solids in 
wastewater samples could have had an effect on the extraction efficiency.
Table 4.14: Wastewater Phosphorus Extraction Results (Without 
Filtration)_____________________________________________
Fresh
Organic
Phase
Fresh: Recycled extractants
1:1 1:2 1:4
Extraction 
Efficiency (%)
78.35 73.32 65.46 41.26
76.98 74.35 65.34 49.65
Average 
Extraction 
Efficiency (%)
77.67 73.84 65.40 45.45
Table: 4.15: Wastewater Phosphorus Extraction Results (With 
Filtration)______________________________________________________
Fresh
Organic
Phase
Fresh: Recycled extractants
1:1 1:2 1:4
Extraction 
Efficiency (%)
87.00 81.88 71.35 62.54
86.82 81.84 78.63 61.50
Average 
Extraction 
Efficiency (%)
86.91 81.86 74.99 62.02
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Meanwhile, three kinds of fresh to recycled extractant ratios (1:1, 1:2 and 
1:4) were investigated as illustrated in tables 4.14 and 4.15 above. There was a 
general decrease in the extraction efficiency with respect to the increase in the 
recycled portion of the extractant. This implies that the introduction of the fresh 
extractant enhanced the extraction of phosphates from the wastewater. The 1:2 
ratio of fresh to recycled extractant was found to be the most reasonable ratio for 
separation and concentrating phosphates efficiently from wastewater since a 1:4  
ratio gave low extraction efficiecy. In addition, this selected ratio does emphasise 
the aim of sustainability and cost reduction by using more of the recycled 
extractant while maximising extraction efficiency. The stripping experiments 
conducted using 6M sulphuric acid achieved an average stripping efficiency of 
94% as evident on table 4.16 below.
Table: 4.16: Stripping Results using 6M Sulphuric Acid.____________
Dilution
Factor
Volume of 
Sample to 
make up to 
50ml
Absorbance 
at 880 nm 
range
Concentration 
of P. in Acid Phase 
(mg/L)
Stripping 
Efficiency (%)
7.2 8.33 0.470 16.65 93.78
7.2 8.33 0.469 16.61 93.58
7.2 8.33 0.475 16.82 94.77
7.2 8.33 0.466 16.50 92.98
7.2 8.33 0.472 16.72 94.18
7.2 8.33 0.471 16.68 93.98
7.2 8.33 0.468 16.58 93.38
7.2 8.33 0.471 16.68 93.98
Mean 93.83
To this end, the study also helps demonstrate that the extractant has the 
capability of being recycled nine times before its efficiency falls to an average of 
60% for total residual P concentration and 70% for soluble residual P 
concentration as illustrated in figure 4.12 and 4.13 below. The experiments help 
to show that the extracted phosphates can be recovered in the form of an acid 
which can be utilised for other industrial uses including fertiliser production.
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Recycling of Organic Extractant in Phosphate 
Extraction
c  
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Figure 4.12: Relationship between the extraction efficiency, total 
phosphate residual with respect to the experimental run numbers. 
The ratio of fresh to recycled extractant was maintained as 1:2.
Recycling of Organic Extractant in Phosphate 
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Figure 4.13: Relationship between extraction efficiency and soluble 
residual phosphates with respect to the experimental run numbers. 
The ratio of fresh to recycled extractant was maintained as 1:2.______
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4.5 Discussion
There are several approaches used to extract phosphates from wastewater, 
as already outlined in the literature review. One approach is to specifically design 
an extractant as a cationic host with the ability to bond reversibly with the guest 
and in this study the guest being the phosphate anion. The cations can have metal 
centres that bind to the phosphates anion group or cationic group that interact by 
hydrogen bonding or donating an electron. Amines meet many of these 
requirements and reversibility of the anionic binding can be achieved by 
switching between the free amines and its protonated form. In this research study 
the surfactant (Benzyldimethylamine), an amine reagent, was used as a cationic 
host or extractant, together with kerosene as a diluent containing an amine group. 
Selection of an appropriate diluent is very important due to both physical and 
chemical effects that they can exhibit in the extraction process and also the 
economics of the entire system. Kerosene was selected in this research work due 
to its inert properties and as it had been utilised as a diluent in many previous 
liquid-liquid extraction studies. Kerosene is also relatively cheap to purchase and 
readily available. Kerosene aided by decreasing emulsion formation during 
agitation, a phenomenon common with surface active extractants such as 
Benzyldimethylamine.
Amines are nucleophiles and can act as Bonsted-Lowry acids by donating 
a proton. The results given in section 4.3 above demonstrate that the phosphate 
ions can be selectively and reversibly bound on the extractant, permitting their 
subsequent removal from the wastewater effluent. The extractant also displays 
excellent selectivity of phosphates. This could be attributed to the higher valence 
(ionic charge) of the phosphates anions in solution. The extractant, composed of 
kerosene and Benzyldimethylamine, when added to wastewater can form micelles 
which have positive charge to their surface. Anionic contaminants, such as 
phosphate, which is the focus of this research work, can be bound on these 
micelles by electrostatic interaction. This then enables the micelle-pollutants 
complex to be available for removal from the wastewater effluent.
The experimental results, obtained via batch experimentation using three 
kinds of wastewater samples which contained varying amounts of phosphates 
anion, demonstrated a >90% binding capacity of the extractant. This increase
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could be attributed to the higher anion concentration gradient between the 
surrounding liquid medium and the “phosphates free” extractant matrix, which 
increases the flux of phosphate anions into the cationic extractant matrix to 
provide a higher binding capacity. Similarly, the extractant has shown a 
substantial capability to extract phosphate anions across a wide concentration 
range, as indicated by the results obtained for each of the sample categories 
considered in this research.
The stripping process can be described as the reverse reaction to the 
extraction process. Thus, in this research work, an acid solution has been used of a 
concentration sufficiently high to drive the phosphate ions from the organic phase 
into the acid phase. It therefore follows, from the stripping results in section 4.4 
above that the stability of the extracted species does govern the type and solution 
of the strip and concentration required. Hence a high concentration of acid (6M 
H2SO4) is needed to strip phosphates from the organic phase in the stripping stage. 
Consequently, the extractant can be regenerated after having bound the phosphate 
ions from the wastewater and its removal efficiency can be retained for at least 
five regeneration cycles upon treatment with 6M sulphuric acid. Most aliphatic 
amines that are used in liquid-liquid extraction operations have low solubility in 
aqueous acidic solutions as low as 10 ppm (Ritcey and Ashbrook, 1979). This 
solubility is determined, amongst other things, by the number of carbon atoms in 
the molecule and the degree of chain branching, as the greater the branching the 
lower the solubility. As demonstrated by the stripping results in this research 
work, it follows that the extractant used has a lower solubility in the 6M H2SO4 
used as the stripping agent. Nevertheless, by adding a small percentage of a fresh 
extractant to the stripped volume enabled it to be reused over multiple cycles for 
the removal of phosphates from wastewater. The sulphuric acid used for stripping 
the organic phase from the wastewater demonstrated that it could be reused nine 
times in a similar manner to the extractant.
As mentioned in the Literature Review section 2.8, liquid-liquid 
extraction is an equilibrium process. However, the rate at which the equilibrium 
is reached is an essential factor. In liquid-liquid extraction processing, the 
kinetics of the systems governs the throughput of the process. Accordingly, with 
slow kinetics, the retention time in the extraction stages must be greater than for a
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system involving fast kinetics. Indeed very fast kinetics of extraction allows the 
use of contactors which have retention times in the order of seconds (Ritcey and 
Ashbrook, 1979). Normally, the extraction is governed by mass transfer and 
diffusion rates which can be relatively rapid. The viscosity of the phases, the 
amount of agitation and the temperature of the system are some of the other 
factors that affect the rate of extraction. In a heterogeneous system, such as we 
have in liquid-liquid extraction, the rate of extraction depends in large measure 
on the surface area of the dispersed phase. In using the shaker to mix the organic 
and the aqueous phase, one of the phases gets dispersed into the other and the 
amount of the surface area of the dispersed phase largely depends on the amount 
of agitation. However, it is not necessarily that the greater the agitation the 
greater the rate of phosphate ion extraction. In this research work, the agitation 
was done at a fixed rate of 250 rpm which was sufficient enough to allow 
extraction to take effect. Too much agitation can result in the formation of stable 
or semi-stable emulsions.
Moreover, decreasing the bubble size of the dispersed phase could result 
in making the bubbles resemble rigid spheres. In this situation, there is no 
internal movement within the spheres, hence no new surfaces are produced and 
the extractant cannot get to the surface to react with the phosphate ions, resulting 
into a slow extraction rate. The desorption of surfactants used as extractants such 
as amines (Benzyldimethylamine in this study) from the organic-aqueous 
interface, is a rate determining step (Ritcey and Ashbrook, 1979). This effect 
reduces the rate of transfer of anionic/cationic species as a result of mechanical 
blocking, especially if the interfacial area is large due to excessive mixing 
(Ritcey and Ashbrook, 1979) Thus extraction with excessive mixing may be 
significantly different from that obtained from gentle mixing with the same 
system, as equilibrium is not attained in the former case. Again, using a low 
mixing rate of 250 rpm provided the right equilibrium by which the transfer of 
phosphate ions from the aqueous phase into the organic phase was achieved and 
the same scenario repeated at the stripping stage. This helps to explain that 
increasing the energy of mixing does not necessarily mean that the rate of 
extraction will also increase.
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The physical aspects of liquid-liquid extraction are largely concerned with 
the dispersion of the two phases on mixing and the completeness of the phase 
disengagement or coalescence. The two processes i.e. dispersion and 
coalescence, are integral steps in the liquid-liquid extraction process and indeed 
govern the design and operation of a plant. Therefore, in order to achieve a 
practically useful level of coalescence of two dispersed phases, the dispersion 
must be of a temporary nature (Ritcey and Ashbrook, 1979). The rate of mass 
transfer across a phase boundary is a function of the drop size distribution or the 
interfacial area between the phases. The drop size is controlled by the speed and 
the type of the shaking device and also the surface tension and the densities of the 
two phases. It follows then that the smaller the drop size, the greater the rate of 
mass transfer; hence the agitation of the two phases has an impact on the mass 
transfer rate of the phosphate ions and the coalescence of the dispersed phase. 
Meanwhile, the high extraction and stripping efficiency realised in this research 
serves to indicate the high mass transfer rates in between phases, meaning 
between the aqueous/organic phase and organic/acid phases.
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Figure 4.14: An illustration of various stages from mixing to phase 
separation (Ritcey and Ashbrook, 1979)_________________________
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There are various commercial ion-exchange resins that claim to remove 
nutrient anions from wastewaters; however, most of them cannot easily be 
regenerated, they suffer from bacterial growth (bio fouling), or they break down 
after extended use. Many exhibit selectivity problems, i.e., they might bind the 
specific anion very well in one medium but not in another that contains specific 
counter ions that the resin is more selective toward. The extractant used in this 
study appears to be an improved technology that does not suffer from these 
disadvantages. The extractant has demonstrated through the experimental results 
to have the capability of selectively binding phosphorus into its matrix, permitting 
its subsequent removal from the contaminated source of wastewater. The 
extractant containing the bound phosphorus can then be regenerated for reuse. The 
treated system can then be safely discharged into natural waters or sent for further 
treatment for use as a municipal water supply. The phosphoric acid produced by 
stripping the extractant with sulphuric acid can be used as a raw material in the 
production of fertiliser among other industrial uses.
4.6 Summary
This section gives a summary of the liquid-liquid extraction and recovery 
process that has been used in the research study to extract and recapture 
phosphates. The experimental results revealed that by controlling certain 
parameters such as equilibrium time (6 hours and 4 hours for extraction and 
stripping respectively), aqueous /solvent ratio (1:1 both extraction and stripping), 
Benzyldimethylamine/kerosene ratio of 1:1 by volume and using 6M H2SO4 as a 
stripping reagent, a high extraction efficiency of between 80-90% and a stripping 
efficiency of >90% can be achieved (page 108-120). The results from the lake 
water samples demonstrated an extraction efficiency of greater than 80% and a 
stripping efficiency of more than 94%. The resultant extractant was reused by 
adding recycled to fresh extractant at a volume ratio of 4:1 which gave an 
extraction efficiency of >80% across all of the concentration categories applied. 
The recycled extractant also demonstrated that it could be reused five times while 
maintaining the overall extraction efficiency at above 75% (page 121-124).
In the wastewater study, an overall extraction efficiency of 77% was 
realised inspite of the high suspended solids, while 87% efficiency was achieved
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with prior filtration of the samples. A ratio of 1:2 of the fresh to the recycled 
extractant was preferred, as it gave a reasonable extraction efficiency of >70% 
compared to 60% demonstrated by the 1:4 ratio used in the lake water study (table 
4.14-4.15). The stripping efficiency from the resultant extractant was 94%. 
Meanwhile, the resultant extractant was able to be reused nine times. An overall 
phosphate removal efficiency of between 65-84% was maintained without prior 
filtering of the samples and an efficiency of between 71-91% with prior sample 
filtration (page 125-127).
The processes are illustrated in flow sheet diagrams (figures 4.15-4.17) 
designed to show each step taken from sample preparation, actual extraction 
work, stripping work, which involved recapturing the phosphates in an acid media 
from the organic phase, and finally determining the extraction efficiency. The 
three diagrams follow three types of samples considered in this research work 
namely, a model water sample prepared in the laboratory, a Lake Water sample 
and a wastewater sample obtained from an actual wastewater treatment plant. The 
model water study provided useful parameters that were applied to the Lake 
Water and Wastewater study. The diagrams also illustrate the steps taken to 
recycle the organic phase (extractant) after the stripping process, ensuring that the 
method is as sustainable as possible. The recycling study was monitored for the 
real water samples, that is, the university lake water and the wastewater from the 
treatment plant. It is interesting to note that the phosphate recovered using a 
starting phosphate concentration of 10 ppm on the lake water achieved a higher 
extraction efficiency of 98% in comparison to the model water of the same 
concentration (figure 4.15-4.16). This could have been attributed to possible 
errors in preparing and handling the model water samples.
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Figure: 4.15 Schematic Diagram Showing the Process followed in
Extraction and Recovery of Phosphorus using Model Water Samples
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Figure: 4.16 Schematic Diagram Showing the Process followed in
Extraction and Recovery of Phosphorus from University Lake Water
Samples______________________________________________________
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Figure: 4.17 Schematic Diagram Showing the Process followed in
Extraction and Recovery of Phosphorus using Wastewater Samples
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5.1 Introduction
The major sources of phosphates arising in municipal wastewater originate 
from both domestic and industrial waste flows. Approximately 30 to 50% of the 
phosphates in domestic wastewater come from human wastes and the remaining 
50 to 70% comes from synthetic detergents containing phosphate components that 
are utilised for clothes washing. The fertiliser industiy and commercial laundry 
systems comprise the bulk of industrial sources of phosphates. In typical raw 
domestic sewage, the approximate concentrations of various phosphates forms 
have been estimated as orthophosphate (5mg PL-1), tripolyphosphate (3mg P L'1), 
pyrophosphate (lmg P L'1), and organic phosphates (lmg P L"1). Apart from the 
organic phosphorus species, other organic constituents, both soluble and in solid 
form, cover a wide range of chemical structures and molar masses (Omoike and 
VanLoon, 1999).The presence of excess phosphorus in the effluent discharged to 
natural water masses has long been viewed as the cause of algae blooms and 
eutrophication.
The presence of a variety of algae in raw waters, especially for eutrophic 
water masses during conditions conducive for rapid algae growth, has been the 
main problem in drinking water management. The problems include the presence 
of bad tastes and odours, clogging of filters and the formation of disinfection by 
products such as trihalomethane. Due to the problems associated with algal 
blooms and eutrophication of fresh waters, attempts have been made to decrease 
the concentration of phosphates entering water bodies. The two distinct processes 
for the removal of impurities from water are precipitation and coagulation, 
although coagulation involves precipitation. Coagulation is based on the 
destabilisation of stable particulate suspensions in water, while chemical 
precipitation is based on the formation of an insoluble product compound. The
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mechanism of chemical phosphate removal may involve the two processes 
together and is influenced by the aqueous characteristic such as pH (Jiang and 
Graham, 1998). The aim of this chapter is to assess the process of chemical 
coagulation and precipitation in wastewater treatment with respect to phosphates 
removal.
5.2 Experimental Procedure
5.2.1 Chemical Materials
Aluminium sulphate, Aluminium chloride and anhydrous Iron chloride 
were used as chemical coagulants. The doses applied for the two aluminium salts 
used were 4, 8, 12, 16 and 20 mg/L as Al3+ while that of anhydrous Iron chloride 
was 8, 16, 24, 32, and 40 mg/L as Fe3+. 0.5M Sodium hydroxide solution and 1M 
Sulphuric acid were used in the experiment to adjust pH.
5.2.2 Equipment
5.2.2.1 The Jar Test Procedure
The Jar Test is an experimental procedure and indeed effective tool that is 
normally used to simulate and predict the optimum conditions that will ensure the 
effective removal of suspended solids and colloidal particles alongside dissolved 
contaminants. The optimum conditions to be determined by the jar test 
experiment, in this case including coagulant type and dose, pH, mixing speed and 
time for a given water treatment plant that could improve its performance. The jar 
test apparatus used in this study is the Kemira Flocculator 2000 produced by 
Kemwater in Sweden, which is designed to be portable (figure 5.1). It is made of 
six paddles and six one litre beakers. Each paddle is connected to a programmable 
control unit that automatically monitors the stirring duration, mixing speed and 
the settling time of every beaker.
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Figure 5.1: Jar test apparatus (Flocculator 2000- Kemira)__________
The jar test experiment in this study was performed following the 
procedure outlined below:
• The six beakers were numbered one to six and were all filled with an equal 
amount of water sample. The sample in beaker number one was used as a 
control while the rest of the five beakers were used to determine the 
optimum operating conditions by varying the amount of coagulant dose 
added to each of them.
• The sample pH was adjusted by the addition of pre-determined volumes of 
1M H2SO4 and 0.5M NaOH solutions. Three pH levels were considered 
for this study (pH 6,7, and 8)
• The coagulant was added into each beaker incrementally by using a 
pipette.
• Fast mixing was started at 400 rpm for 60 seconds. It is at this stage that 
colloidal particle destabilisation takes place due to the homogeneous 
dispersion of the coagulant throughout the water samples.
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• The fast mixing was followed by slow mixing for 20 minutes at a speed of 
approximately 35 rpm. Particle aggregation or flocculation is enhanced at 
this stage.
• The slow mixing was stopped after 20 minutes. The paddles were removed 
from the beakers to allow for the floes to settle for 60 minutes.
• After settling, a supernatant sample was taken from each beaker using a 
pipette. The pipette was immersed into each beaker at a depth of 
approximately 15 to 20 mm from the surface. The supernatant sample was 
immediately analysed for turbidity remaining phosphate concentration and 
pH.
• Part of the supernatant sample was filtered and the filtrate analysed for 
remaining phosphate concentration and both aluminium and iron residue.
5.2.2.2 Filtration procedure
• The membrane filters were cleaned by running several portions of 100 ml 
distilled water through them.
• The glassware was soaked in 5% HNO3 overnight and rinsed thoroughly 
with distilled water before use.
• The sample was placed into the glass funnel and passed through a 0.45 pm 
membrane filter to a beaker using a mini vacuum pump (KNF laboport) as 
illustrated in figure 5.2 below.
• The filtrate was then analysed for dissolved phosphorus and coagulant 
residue.
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Figure 5.2: Filtration apparatus used in the study
A pH meter (Hanna) (figure 5.3). was used to determine the pH values of 
the samples. A portable 2100 turbidimeter (Hach) was used to measure turbidity 
levels (figure 5.4).
Figure 5.3: pH meter (Hanna) used in this study
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Figure 5.4: 2100 turbidimeter (Hach) used in the study
5.2.3 Residual Iron Analysis by Phenathroline Method
(AWWA, 1998)
5.2.3.1 Reagent
1) Standard iron solution Fe(N03)3.9H20 (Merck, Ltd, UK)
2) Phenathroline solution: 1,10 phenanthroline hydrochloride hydrate and 1,10 
phenathroline monohydrochloride monohydrate 97% (Aldrich, UK)
3) Sodium acetate trihydrate (CH 3COONa3H 20 ) (Fisher, UK)
4) Acetic acid (glacial) (CH3COOH ) 100% (Merck, Ltd, UK)
5) Hydroxylamine hydrochloride (NH2OH.HCl) 99% (Aldrich, UK)
6) Concentrated hydrochloric acid solution (Fisher, UK)
7) Ammonium acetate (NH4 C2 H3 02)(Aldrich, UK)
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5.2.3.2 Preparation of Reagent Solutions
1) Hydoxylamine solution: lOg of NH2OH.HCl was dissolved in 100ml of 
distilled water.
2) Ammonium acetate buffer solution: 250g of NH4C2H302 was dissolved in
150ml of distilled water. 700ml of concentrated (glacial) acetic acid was then 
added to the mixture.
3) Sodium acetate solution: 200g of CH3C00Na3H20 was dissolved in 800ml 
of distilled water.
4) Phenathroline solution: 2 drops of concentrated HC1 were added to 100ml 
distilled water. lOOmg of 1, 10 phenathroline monohydrate was dissolved in 
the mixture.
5.2.3.3 Principle
Iron was brought into solution, reduced to the ferrous state by boiling with
acid and hydroxylamine, and treated with 1, 10 phenathroline at pH 3.2 to 3.3.
Three molecules of phenathroline chelated each atom of ferrous iron to form an
orange-red complex. The coloured solution obeys Beer’s law and its intensity is
independent of pH from 3 to 9
4Feu + 2NH2OH  -> 4Fe2+ +N20 + 4H+ +H20
Fe2+ +3Cl2N20, -> Fe(Cl2N2Os)l+
5.2.3.4 Procedure
1) 1000 mg/L of iron standard solution (Fe(N03)3.9H20) was diluted to 100 
mg/L.
2) From the standard solution (100 mg/L iron), seven iron standard samples were 
produced with concentrations of 0, 0.2, 0.6,1.0,2.0, 3.0 and 4.0 mg/L.
3) 20 ml was drawn using a pipette from each of the six samples and placed in a 
50 ml volumetric flask.
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4) 10 ml of NHAC2H202 buffer solution and 4 ml phenathroline solution were 
added and the mixture diluted to mark with distilled water.
5) The mixture was then mixed thoroughly and given 10 to 15 minutes for 
maximum colour development and absorbance measurements taken using UV- 
Vis spectrophotometer.
6) Having measured the absorbance of known iron concentration solutions, a 
calibration curve of concentration against absorbance was plotted as shown in 
the figure 5.5 below. The equation of the best fit line was used to calculate the 
iron concentration of the unknown samples based on there absorbance 
readings.
CHAPTER 5
COAGULATION/PRECIPITATION_________________________________
I r o n  C a l i b r a t i o n  C u r v e y  = 0 .2 0 0 4 x  
R 2 = 0 .9 9 9 7
0 .9  t
1 2 3 4 5
C o n c e n t r a t i o n  ( m g /L )
Figure 5.5: Iron calibration curve at wavelength of 510 nm
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5.2.3.5 Sample treatment
The samples were filtered through a 0.45 pm membrane filter into a 
vacuum flask. These were then analyzed for total dissolved iron using the same 
method as the standards following the procedure outlined in section 5.4.3.4 (step 
3-6).
5.2.4 Residual Aluminium Analysis by Eriochrome Cyanine R method
(AWWA, 1998)
5.2.4.1 Principle
With Eriochrome eyanine R dye, dilute aluminium solution buffered to a 
pH of 6.0 produced a red to pink complex that exhibited maximum absorption at 
535 nm. The intensity of the developed colour was influenced by the aluminium 
concentration, reaction time, temperature, pH, alkalinity and concentration of 
other ions in the sample. The interference of Iron and manganese, two elements 
often found in water, was eliminated by addition of ascorbic acid. The optimum 
aluminium range is thought to be between 20 and 300 pg/L although can be 
extended upward by sample dilution.
5.2.4.2 Reagents
1) Standard aluminium solution (Merck, Ltd, UK)
2) Sulphuric acid ( H 2S04) 0.02 N and 6 N (Fisher, UK)
3) Ascorbic acid solution (Fisher, UK)
4) Sodium acetate ( CH3 COON a. 3 H 20) (Fisher, UK)
5) Acetic acid (glacial) ( CHjCOOH) 100% (Merck, Ltd, UK)
6) Eriochrome cyanine R
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5.2.4.3 Preparation of Reagent Solutions
1) O.lg of ascorbic acid was dissolved in distilled water and made up to the mark 
in a 100 ml volumetric flask. This was freshly prepared daily.
2) 136 g of sodium acetate (CH3COONa3H20 ) was dissolved in water in a 
1000 ml volumetric flask. 40 ml of IN acetic acid was added and the mixture 
diluted to the mark with distilled water. This was used as a buffer reagent.
3) Eriochrome cyanine R solution was prepared by dissolving 300mg dye in 
about 50 ml of distilled water. The pH was then adjusted to 2.9 from about 9 
with 1+1 acetic acid. The mixture was then diluted to 100 ml in a 100ml 
volumetric flask.
4) 10 ml of the stock dye solution was diluted to 100 ml with distilled water in a 
100ml volumetric flask. This became the working dye solution which is stable 
for at least six months.
5.2.4.4 Preparation of a calibration curve
1) 1000 mg/L of aluminium standard solution was diluted to 100 mg/L.
2) From the standard solution (100 mg/L Aluminium) seven aluminium standard 
samples were prepared with concentrations of 0, 0.05, 0.10, 0.15, 0.20, 0.25 
and 0.30 mg/L in 50 ml volumetric flasks. Distilled water was added to a total 
of approximately 25 ml.
3) I ml of 0.02N H2S04 was added to each of the standards and mixed. This was 
followed by 1ml of ascorbic acid solution and 10 ml buffer solution and mixed 
thoroughly.
4) With the aid of a volumetric pipette, 5 ml of working dye reagent was added 
to the mixture and mixed thoroughly and immediately made up to 50 ml with 
distilled water. This was mixed and made to stand for 5 to 10 minutes.
5) The absorbance was then measured for each standard on the 
spectrophotometer using a wavelength of 535 nm.
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6) Having measured the absorbance of known Aluminium concentration 
solutions, a calibration curve (figure 5.6) of concentration against absorbance 
was plotted as shown on the figure below. The equation of the best fit line was 
used to calculate the aluminium concentration of the unknown samples based 
on their absorbance readings.
A l u m i n i u m  C a l i b r a t i o n  C u r v e  y  =  2 .6 6 7 6 x
R2 =  0 .9 9 9 9
Concentration (mg/L)
Figure 5.6: Aluminium calibration curve at wavelength of 535 nm
S.2.4.5 Sample preparation
The samples were filtered through a 0.45 pm membrane filter into a 
vacuum flask. These were then analysed for total dissolved aluminium in the same 
manner as the standards following the procedure outlined in section 5.4.4.4 (step 
3-6) above and after the removal of phosphates interference as described in 
section 5.4.4.6 below.
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5.2.4.6 Sample treatment for removal of Phosphates interference
1) 1.7 ml of 6N H 2S04 was added to 100 ml sample in a 250 ml erlenmeyer 
flask.
2) The sample was heated on a hot plate for at least 90 minutes while keeping the 
solution temperature just below the boiling point. The volume of the sample 
was maintained at 25 ml by the addition of distilled water throughout the 
heating period.
3) The sample was then cooled and neutralised to a pH 4.3 to 4.5 with NciOH, 
using IN NaOH at the start and 0.1N for the final fine adjustment
5.2.5 Experimental Conditions
When collecting the wastewater samples it is necessary to be aware of the 
inherent variability that may exist with its physico-chemical and biological 
composition. This would depend greatly on the amount and type of wastewater 
that enters the treatment works, the wastewater treatment process involved, and 
the level of the reliability of the treatment processes applied. However, it is 
absolutely essential to adhere to the fullest with the health and safety guidelines 
for the safe handling of the wastewater enforced by the authorities that treat the 
wastewater.
The wastewater sample used in this study was obtained from Southern 
Water in Brighton UK. The sample was taken after the pre-sedimentation stage 
and its characteristics determined on the same day when the samples arrived at the 
CEHE chemical laboratory. The results are as shown in the table 5.1 below.
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Table 5.1: Wastewater quality parameters
Quality Parameters Values
pH 7.36
Suspended Solids (mg/L) 36
Total P (mg/L) 22.86
Soluble P (mg/L) 21.27
Turbidity (NTU) 52.2
Each of the six beakers of the jar test apparatus was filled with 1000 ml of 
the wastewater sample. A micropipette was used to add the various coagulant 
doses to each beaker. The coagulation pH for this study was 6, 7, and 8 for all the 
coagulant salts used. A predetermined amount of either 0.1N Sodium hydroxide 
solution or IN Sulphuric acid was added to the samples together with the required 
coagulant dose. The pH was constantly checked throughout the entire mixing 
period.
5.3 Results and Discussion
5.3.1 Turbidity Removal
The salts used for the coagulation process form certain ions in solution that 
are responsible for the coagulation action taking place. However, the actual ions 
produced by these salts depend upon the pH of the water sample. At varying 
sample pH values, the coagulation process may suffer from less than optimum 
ions being formed in solution. A pH that is too low may not allow the coagulation 
process to proceed, while high pH can cause a coagulated particle to re-disperse. 
The size of the coagulated particles is also affected by pH, which, in turn, 
determines the density of the flocculated slime and its tendency and rate of 
settling out. The optimum pH for the coagulation and flocculation process must be 
determined experimentally. It is specific to each application and is dependent 
upon the sample, the desired clarity of the water, and the water’s end use.
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In this experimental study, pH 6, 7 and 8 were used as fixed values for all 
the samples investigated. This was achieved by adjusting the original value of the 
samples with either sodium hydroxide (base) or Sulphuric acid.
The turbidity results (figure 5.7-5.9) show dependency on the pH for each 
of the samples considered. For the aluminium coagulants used in the study, the 
lower the pH (6 and 7), the greater the percentage turbidity removal. Samples of 
pH 6 and 8 seem to give the best performance when the iron coagulant was used 
in the study. A Turbidity removal efficiency of >80% was achieved when 
aluminium salts were used. The iron salt produced an efficiency of >80% for the 
sample pH 6 and 8. In addition, the removal efficiency increased with increase in 
the coagulant dose in all the coagulant salts under investigation (Table 5.2).
Turbidity removal using different doses of 
Aluminium Sulphate
p H  6  
p H  7  
p H  8
A l  (III) ( m g / L )
Figure 5.7: Turbidity removal using Aluminium sulphate as Al3+ ions.
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pH  6  
pH  7  
pH  8
Figure 5.9: Turbidity removal using Aluminium chloride as Al3* ions.
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5.3.2 Phosphate removal
The phosphates removal efficiency was increased with increase in the 
coagulant dose. The most noticeable rise in efficiency when aluminium sulphate 
was used as the coagulant was between dose 8 and 12 mg/L when the sample’s 
remaining phosphates concentration were measured without filtration and between 
4 and 8 mg/L when the samples were measured with filtration. A similar trend 
was observed when aluminium chloride was used as a coagulant. These results 
show that phosphates removal from wastewater increases with an increase in the 
coagulant dose. The excellent reduction in turbidity level and the phosphates 
removal efficiency suggests that coagulation mechanisms were involved in the 
removal process.
Meanwhile, the phosphates removal efficiency was also dependent on the 
pH of the wastewater samples. For the aluminium salts used as coagulants in the 
study, pH 6 and 7 gave the highest removal efficiency while for the Iron salt pH 7 
and 8 gave the highest phosphate removal efficiency. These results suggest that 
pH 8 is outside the optimum working pH range for the aluminium salts and 
likewise pH 6 for the Iron salts. The phosphates removal results in all the salts 
utilised in this study do not show an obvious tail off in removal efficiency at the 
highest doses of 16 and 20 mg/L for the aluminium salts and 32 to 40 mg/L for 
the Iron salts. This suggests that under the experimental conditions these doses are 
outside the optimum dose range. The higher doses too produced the largest 
amount of sludge although, based on the sample volume used in this study (1 
litre), the difference was only slight. Nevertheless, this would show a substantial 
increase in sludge production under a full-scale application. The sludge requires 
safe disposal and increases in its production would translate to extra cost for its 
disposal. A summary of the coagulation/precipitation results is given in table 5.2 
below.
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Figure 5.10: Phosphates removal using Aluminium sulphate as A1J+ 
ions. The results presented are (a) Before filtration (b) After filtration 
of the treated wastewater samples with starting [P].at 22.86 ppm.
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Figure 5.11: Phosphates removal using Iron chloride as Fe3+ ions. The 
results presented are (a) Before filtration (b) After filtration of the 
treated wastewater samples with starting [P] at 22.86 ppm.
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(a)
pH 6 
pH 7 
pH 8
( b )
■•<>■*- pH 6 
pH 7 
pH 8
Al (III) (mg/L)
Figure 5.12: Phosphates removal using Aluminium chloride as ai3+ 
ions. The results presented are (a) Before filtration (b) After filtration 
of the treated wastewater samples with starting [P] at 22.86 ppm.
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5.4.2 Residual Aluminium/ Iron
This section will look at the residue Al that remains after treating 
wastewater with Al salts. In a real situation as in a wastewater treatment plant, this 
will be the Al that leaves the plant in treated water. Residual Al consists of 
dissolved and particulate species. Particulate Al can be easily removed by an 
efficient operation of solid liquid separation facilities such as clarifiers and filters. 
Dissolved Al species are complex and can include complexes with natural organic 
matter, fluoride, sulphates and hydroxyl ion. At acidic pH and where 
concentration levels of F are high, complexation reactions between Al and F are 
quite efficient (Srinivasan et al., 1999).
Al-F complexes are soluble and could potentially increase residual Al 
concentrations. Meanwhile, in practice, F is added to drinking water after 
filtration and the pH adjustment to a slight alkaline pH. Hydroxyl ions out 
compete F for Al at alkaline pH level and hence minimising the impact of F on 
residual Al. Depending on the level of natural organic matter (NOM) in raw water 
and its percentage removal by plants, NOM is known to form strong complexes 
with Al and this could be a parameter affecting residual Al in treated water 
(Srinivasan et al., 1999). The level of residue Al in the treated water samples in 
the study did vary in accordance with the pH levels. For samples treated with 
Al2(S04)3, the Al residue was <0.2 mg/L, in all the three categories of pH 
considered. Meanwhile, samples that were treated with AICI3 had an Al residue of 
<0.1 mg/L for pH 6 and 7 whereas with pH 8, the residue was <0.2 mg/L for a 
dose up to 12 mg/L and >0.2 mg/L for higher doses (Table 5.2). The results in this 
research demonstrate the effects of pH in achieving acceptable Al residue in 
finished waters. However, the Al residual results seem to be in line with the WHO 
guidelines for drinking water that allows an Al concentration of 0.2 mg/L. The 
guidelines perceive this level of concentration as a compromise between practical 
use of Al salts in water treatment and discolouration of distributed water (WHO, 
1996).
Iron (III) coagulants work over a larger pH range than Aluminium 
coagulants although they are not effective with many source waters. The other 
advantage of Fe(III) coagulants are lower costs and in some cases better removal
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of natural organic contaminants from some waters. Coagulation with Fe 
compounds typically leaves a residue of Fe in the finished water. This may impart 
a slight taste to the water and may cause brownish stains on ceramic features. 
Trace levels of Fe are not harmful to humans and indeed provide a needed trace 
mineral. Since the taste and stains may lead to customer complaints, aluminium 
seems to be favoured over iron for coagulation.
Estimates of the minimum daily requirement for iron depends on age, sex, 
physiological status, and iron bioavailability and range from about 10 to 50 
mg/day. As a precaution against storage in the body of excessive iron, in 1983 
Joint FAO/WHO Expert Committee on Food Additives (JECFA) established a 
Provisional Maximum Tolerable Daily Intake (PMTDI) of 0.8 mg/kg of body 
weight, which applies to iron from all sources except for iron oxides used as 
colouring agents, and iron supplements taken during pregnancy and lactation or 
for specific clinical requirements. An allocation of 10% of this PMTDI to 
drinking-water gives a value of about 2 mg/litre, which does not present a hazard 
to health. The taste and appearance of drinking-water will usually be affected 
below this level. No health-based guideline value for iron in drinking-water is 
proposed (WHO, 1996).
The levels of Fe residue measured in the wastewater samples treated with 
FeCh salt varied with pH range and dose. For pH 6, the Fe residue ranged from 1- 
7mg/L with increase in dosage while pH 7 and 8 had a residue of <0.3 mg/L. pH 7 
and 8 seem to comply with the WHO guidelines, whereas, pH 6 only complies up 
to a maximum dose of 16 mg/L, beyond which there is an increase in Fe residue 
to a point that it exceeds the WHO recommended concentration level.
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6.1 Comparative P removal Performance by Liquid-Liquid 
Extraction and the Coagulation/Precipitation method
Liquid-liquid extraction is an extraction technique that involves the 
separation of analytes from interferences by partitioning the sample between two 
immiscible liquids or phases (see Chapter 4). In most cases, one of the liquid 
phases is an aqueous solvent and the other organic solvent as evident in this 
research work where a mixture of kerosene and benzyldimethylamine makes the 
extractant (organic phase) while wastewater makes the aqueous phase. The 
selectivity and efficiency of the extraction process is governed by the choice of 
the two immiscible liquids. It is often preferable to isolate the analytes 
(phosphates in this research study) of interest in the organic solvent because the 
solvent can generally be separated and stripped.
The efficiency of an isolation procedure can also depend on the nature of 
extracting agent, the affinity of the compounds of interests for the extracting 
solvent; the phase ratio and the number of extraction steps (see Chapter 4). It is 
necessary to chose organic solvents with low solubility in water, which is 
compatible with the analytical technique to be used and have polarity and 
hydrogen bonding properties that enhance the recovery of analytes in the organic 
phase. A very important operation in liquid-liquid extraction is the vigorous 
shaking step. This step ensures intimate contact between the two phases which 
aids mass transfer. The thorough agitation of the two phases generates an 
enormous interfacial area that enables efficient partitioning to occur. The 
formation of a small amount of emulsion was observed due to the vigorous 
shaking and the presence of the surfactant bezyldimethylamine in the extractant 
mixture. The mixing of benzyldimethylamine in kerosene (diluent) made it less 
favourable for the formation of excess emulsions (Morrison and Freiser, 1966). 
The emulsion disappeared after the 2 horns separation period.
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The advantage of the liquid-liquid extraction technique in general is its 
relative ease, simplicity, speed and wide scope. Similarly, the technique utilises 
non complex equipment and at the same time the recoveries can be controlled by 
manipulation of the sample and/or extractant. The extractant used in this study has 
shown huge potential of being recyclable for as many as 9 times while still giving 
a reasonably high percentage in extraction efficiency. The method also shows 
greater selectivity and flexibility since the extractant targets phosphates in the 
wastewater sample. A further advantage of the extraction method over the 
precipitation method lies in the cleaner separations that can be achieved by the 
former.
In the case of phosphates extraction as investigated in this research work, 
the problem of sludge production is eliminated; hence the liquid-liquid extraction 
method could easily replace chemical coagulation/precipitation for phosphates 
removal. Many water treatment companies are interested in methods that are 
environmentally friendly and sustainable in operation, and it is evident that the 
liquid-liquid extraction method provides a potential avenue to achieving this 
provided that the plant flows are properly designed. Although the liquid-liquid 
extraction method has a lot of advantages, as outlined above, it can be quite 
laborious. A particular problem, however, is dealing with the solvent extraction 
effluents which could pose a hazard to the environment. Nevertheless, owing to 
the high carbon content of the extractant mixture, it could be incinerated in 
incinerator with energy recovery facilities that could provide electricity for the 
national grid.
Meanwhile, coagulation/precipitation processes have the ability to remove 
phosphates from wastewater as evidenced by results in chapter 5. The method has 
traditionally been used world wide in many wastewater treatment plants due to its 
ease of operation and flexibility towards changing effluent conditions. 
Nevertheless, in comparison to the liquid-liquid extraction methods, 
coagulation/precipitation methods have a lot of disadvantages. These include 
increased sludge production. When Al/Fe (III) coagulants are added to wastewater 
containing phosphorus, a metal phosphate precipitates and the excess metal forms 
an insoluble hydroxide. As discussed in the previous section (see section 5.6.1),
165
CHAPTER 5
COAGULATION/PRECIPITATION
5.3.3 Residue Metal Concentration
Coagulation with aluminium compounds may leave a residue of 
aluminium in the finished water. This is normally about 0.1 to 0.15 mg/L. In this 
study, pH 6 and 7 had the lowest aluminium residue for the two aluminium salts 
investigated. It has been established that aluminium can be toxic to humans at 
high concentrations. Coagulation with iron compounds typically leaves a residue 
of iron in the finished water. This may impart a slight taste to the water, and may 
cause brownish stains on porcelain fixtures. The trace levels of iron are not 
harmful to humans, and indeed provide a needed trace mineral, but because the 
taste and stains may lead to customer complaints, aluminium tends to be favoured 
over iron for coagulation.
Aluminium residue after wastewater treatment
-pH 6 
-pH 7 
pH 8
Al (III) (mg/L)
Figure 5.13: Aluminium residue results when aluminium sulphate 
was used as a coagulant in treating wastewater samples.
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Iron residue after wastewater treatment
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Figure 5.14: Iron residue results when Iron chloride was used as a 
coagulant in treating wastewater samples.
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Figure 5.15: Aluminium residue results when alumiuium chloride
was used as a coagulant in treating wastewater samples._____
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Table 5.2: A Summary of Coagulation/Precipitation results
Turbidity Phosphates Removal (%) Residual Metal
Removal (%) Concentration
Before filtration After filtration (mg/L)
Dose
Al/Fe
pH 6 pH 7 pH8 pH 6 pH7 pH8 pH 6 pH 7 pH8 pH6 pH7 pH8
(mg/L)
FeCb 8 72.52 92.62 81.77 64.12 77.30 71.76 73.94 82.72 76.04 1.04 0.21 0.20
16 78.22 97.38 85.54 83.93 94.23 95.91 91.56 98.19 93.00 2.00 0.29 0.15
24 81.93 98.69 94.49 92.80 97.30 95.74 99.19 99.60 97.98 4.17 0.35 0.14
32 92.62 99.38 95.54 96.50 98.90 98.01 99.79 99.70 99.32 5.56 0.20 0.12
40 93.02 99.55 96.46 98.86 99.34 98.85 99.82 99.82 99.75 6.32 0.27 0.14
Ai2(so 4)3 4 79.08 80.20 83.48 37.60 47.93 47.34 73.00 84.21 81.00 0.04 0.03 0.04
8 91.21 90.62 88.39 73.40 75.17 69.77 93.86 98.17 93.44 0.04 0.04 0.06
12 97.31 96.46 91.84 94.51 93.98 81.76 99.55 99.81 96.54 0.05 0.05 0.10
16 99.04 97.83 93.18 98.89 97.43 90.94 99.87 99.90 97.57 0.05 0.06 0.14
20 99.31 98.29 95.18 99.44 98.40 94.27 99.93 99.91 98.43 0.06 0.05 0.15
AlCb 4 88.59 86.33 91.57 54.76 57.61 53.90 78.80 81.39 78.80 0.04 0.04 0.07
8 95.25 92.89 94.30 82.18 75.97 73.38 96.44 96.16 89.62 0.04 0.05 0.16
12 98.06 96.23 95.61 93.58 87.53 85.87 99.36 99.17 94.80 0.05 0.07 0.17
16 98.78 97.82 96.84 97.45 95.12 90.11 99.70 99.58 96.72 0.05 0.08 0.20
20 99.10 98.27 96.78 99.14 97.44 93.09 99.78 99.73 97.59 0.05 0.08 0.23
Table 5.2 above summarises all the coagulation/precipitation results. The 
remaining turbidity of the samples after treatment with the metal salts was taken 
and the turbidity removal percentage calculated as shown on table 5.2 above. The 
remaining phosphates concentration of each sample was measured. This was 
determined before filtration and after filtration. In each of these situations, the 
phosphates percentage removal was calculated as detailed in table 5.2 above. The 
remaining metal salt concentrations (mg/L) were also measured after filtration of 
the samples. A high metal residue was observed when FeCty was used to treat the 
samples at pH 6.
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5.4 General Discussion
Chemical treatment for phosphorus removal involves the addition of metal 
salts that react with soluble phosphates and form solid precipitates that are 
removed by solid separation processes such as clarification and filtration. 
Phosphate precipitation is achieved by the addition of metal salts that form 
sparingly soluble phosphate compounds. The commonly used metals are 
aluminium (Al), iron (Fe) and calcium (Ca), of which aluminium and iron were 
used in conducting this research. These salts were in the form of Al2(SC>4)3, AICI3 
and FeCfy and were employed as Al3+/Fe3+. The simplified versions of chemical 
precipitation reactions of phosphorus with aluminium and iron are shown as 
follows (Tchobanoglous and Burton, 2003)
Phosphate precipitation with aluminium:
AP3 + HnPO\~n <=> AlP04 + nH+
Phosphate precipitation with iron:
Fe3+ +HnP034~n <A> FePO, +nH+
Aluminium and Iron salts are conventionally considered as precipitants for 
phosphates removal. Nevertheless, the understanding that the use of these salts 
leads to the direct formation of insoluble AIPO4 and FePC>4 is considered to be too 
simple to explain the removal of phosphates. Given the pH of wastewater to be in 
the region of 5 to 9, dosing Al/Fe (III) salts into such water results in Al3+ or Fe3+ 
hydrolysing rapidly, forming a range of hydrolysis species and eventually metal
4 1 o i
hydroxide. Al or Fe ions are unlikely to exist in such waters and hence the 
AIPO4 and FePC>4 solids might not form or form to a limited extent due to 
competition reactions between the Al3+ or Fe3+ ion hydrolysis and PO4 
precipitation. Therefore, the use of Al/Fe(III) salts for PO4 removal from 
wastewater may be due to a coagulation mechanism as opposed to chemical 
precipitation (Jiang and Graham, 1998).
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5.4.1 Mechanism of Phosphates removal by coagulation process
There are two major mechanisms that have been linked to the coagulation 
of phosphates with Al/Fe(III). Firstly, the formation of Al/Fe-hydroxo-phosphate 
and secondly, the adsorption of phosphates ions onto the AL/Fe(III) hydrolysis 
species as explained in section 5.3. In the case of using conventional coagulants 
such as Al2(SC>4)3, A IC I3 and FeCL which were used in this research study, 
amorphous Al(OH)3 or Fe(OH)3 are the predominant hydrolysis species. The 
addition of Al or Fe(III) salt into wastewater creates a range of competing 
reactions. These include formation of hydrolysis species, of which some may be 
polymeric species and metal hydroxide. Meanwhile, the hydrolysis species 
formed may complex or adsorb the phosphate ions. The coagulating species 
formed destabilises the other contaminants present in the wastewater, creating 
competing reactions and hence increasing the amount of Al/Fe(III) coagulants 
needed for phosphates removal (Jiang and Graham, 1998).
Clearly, Figure 5.10 show that for greater removal percentages of 
phosphates, the required dose of Al or Fe increases. However, under these 
conditions the removal of phosphates is combined with the removal of other 
impurities such as colloidal particulate materials and organic substances. Figure 
5.10 also demonstrates that coagulation combined with filtration can be effective 
in increasing the amount of phosphates removal. This explains why the 
phosphates percentage removal after filtration is quite high in comparison to that 
measured before filtration. This suggests that phosphates ions could have been 
loosely bound on Al/Fe (III) hydroxide floe and hence the reason why the 
unfiltered samples had low phosphate removal percentages by comparison with 
filtered samples. This demonstrates the need for good settlement tanks so that in 
poorly mixed conditions, when phosphates ions come into contact with the 
Al/Fe(III), hydroxide may still be loosely adsorbed and can at least be removed by 
efficient settlement.
At very low metal concentrations, only soluble species are present i.e. the 
hydrated metal ions and various hydrolysed species which by assuming only 
monomeric forms will depend on solution pH. It is generally thought that 
hydrolysed cationic species are more strongly adsorbed on negative surfaces than 
the free hydrated metal ion (Duan and Gregory, 2002). Charge neutralisation with
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aluminium salts occurs at quite low metal concentrations. At neutral pH, cationic 
hydrolysis products represent a tiny fraction of the total soluble Al with the 
dominant form being the aluminate ion. This suggests that the effective charge 
neutralising species may be colloidal hydroxide particles which should be 
positively charged up to approximately pH 8 (Duan and Gregory, 2002).
The hydrolysis of Al and Fe(III) involves the following equations.
M 3+ + H 20 *-> M(OH)2+ + H + Kl
M(OH)2+ + H20 <+ M(OH)+2 + H + K2
M(OH)+2 + H 20 <-> M(OH)3 + H + K3
M(OH)3 +H20±> M(OH)- + H + K4
The equation for the solubility constant for the metal hydroxide is given as 
follows:
M(OH)3 <r> M 3+ + 3OH~ Ks
This is an oversimplified scheme as it is known that dimeric, trimeric and 
polynuclear hydrolysis products of Al and Fe (III) can form. Nevertheless, these 
can often be ignored, especially in dilute solutions and may not greatly affect the 
overall metal speciation (Richens, 1997).
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5.4.2 Residual Aluminium/ Iron
This section will look at the residue Al that remains after treating 
wastewater with Al salts. In a real situation as in a wastewater treatment plant, this 
will be the Al that leaves the plant in treated water. Residual Al consists of 
dissolved and particulate species. Particulate Al can be easily removed by an 
efficient operation of solid liquid separation facilities such as clarifiers and filters. 
Dissolved Al species are complex and can include complexes with natural organic 
matter, fluoride, sulphates and hydroxyl ion. At acidic pH and where 
concentration levels of F are high, complexation reactions between Al and F are 
quite efficient (Srinivasan et al., 1999).
Al-F complexes are soluble and could potentially increase residual Al 
concentrations. Meanwhile, in practice, F is added to drinking water after 
filtration and the pH adjustment to a slight alkaline pH. Hydroxyl ions out 
compete F for Al at alkaline pH level and hence minimising the impact of F on 
residual Al. Depending on the level of natural organic matter (NOM) in raw water 
and its percentage removal by plants, NOM is known to form strong complexes 
with Al and this could be a parameter affecting residual Al in treated water 
(Srinivasan et al., 1999). The level of residue Al in the treated water samples in 
the study did vary in accordance with the pH levels. For samples treated with 
Al2(S04)3, the Al residue was <0.2 mg/L, in all the three categories of pH 
considered. Meanwhile, samples that were treated with AICI3 had an Al residue of 
<0.1 mg/L for pH 6 and 7 whereas with pH 8, the residue was <0.2 mg/L for a 
dose up to 12 mg/L and >0.2 mg/L for higher doses (Table 5.2). The results in this 
research demonstrate the effects of pH in achieving acceptable Al residue in 
finished waters. However, the Al residual results seem to be in line with the WHO 
guidelines for drinking water that allows an Al concentration of 0.2 mg/L. The 
guidelines perceive this level of concentration as a compromise between practical 
use of Al salts in water treatment and discolouration of distributed water (WHO, 
1996).
Iron (III) coagulants work over a larger pH range than Aluminium 
coagulants although they are not effective with many source waters. The other 
advantage of Fe(III) coagulants are lower costs and in some cases better removal
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of natural organic contaminants from some waters. Coagulation with Fe 
compounds typically leaves a residue of Fe in the finished water. This may impart 
a slight taste to the water and may cause brownish stains on ceramic features. 
Trace levels of Fe are not harmful to humans and indeed provide a needed trace 
mineral. Since the taste and stains may lead to customer complaints, aluminium 
seems to be favoured over iron for coagulation.
Estimates of the minimum daily requirement for iron depends on age, sex, 
physiological status, and iron bioavailability and range from about 10 to 50 
mg/day. As a precaution against storage in the body of excessive iron, in 1983 
Joint FAO/WHO Expert Committee on Food Additives (JECFA) established a 
Provisional Maximum Tolerable Daily Intake (PMTDI) of 0.8 mg/kg of body 
weight, which applies to iron from all sources except for iron oxides used as 
colouring agents, and iron supplements taken during pregnancy and lactation or 
for specific clinical requirements. An allocation of 10% of this PMTDI to 
drinking-water gives a value of about 2 mg/litre, which does not present a hazard 
to health. The taste and appearance of drinking-water will usually be affected 
below this level. No health-based guideline value for iron in drinking-water is 
proposed (WHO, 1996).
The levels of Fe residue measured in the wastewater samples treated with 
FeCfy salt varied with pH range and dose. For pH 6, the Fe residue ranged from 1- 
7mg/L with increase in dosage while pH 7 and 8 had a residue of <0.3 mg/L. pH 7 
and 8 seem to comply with the WHO guidelines, whereas, pH 6 only complies up 
to a maximum dose of 16 mg/L, beyond which there is an increase in Fe residue 
to a point that it exceeds the WHO recommended concentration level.
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6.1 Comparative P removal Performance by Liquid-Liquid 
Extraction and the Coagulation/Precipitation method
liquid-liquid extraction is an extraction technique that involves the 
separation of analytes from interferences by partitioning the sample between two 
immiscible liquids or phases (see Chapter 4). In most cases, one of the liquid 
phases is an aqueous solvent and the other organic solvent as evident in this 
research work where a mixture of kerosene and benzyldimethylamine makes the 
extractant (organic phase) while wastewater makes the aqueous phase. The 
selectivity and efficiency of the extraction process is governed by the choice of 
the two immiscible liquids. It is often preferable to isolate the analytes 
(phosphates in this research study) of interest in the organic solvent because the 
solvent can generally be separated and stripped.
The efficiency of an isolation procedure can also depend on the nature of 
extracting agent, the affinity of the compounds of interests for the extracting 
solvent; the phase ratio and the number of extraction steps (see Chapter 4). It is 
necessary to chose organic solvents with low solubility in water, which is 
compatible with the analytical technique to be used and have polarity and 
hydrogen bonding properties that enhance the recovery of analytes in the organic 
phase. A very important operation in liquid-liquid extraction is the vigorous 
shaking step. This step ensures intimate contact between the two phases which 
aids mass transfer. The thorough agitation of the two phases generates an 
enormous interfacial area that enables efficient partitioning to occur. The 
formation of a small amount of emulsion was observed due to the vigorous 
shaking and the presence of the surfactant bezyldimethylamine in the extractant 
mixture. The mixing of benzyldimethylamine in kerosene (diluent) made it less 
favourable for the formation of excess emulsions (Morrison and Freiser, 1966). 
The emulsion disappeared after the 2 hours separation period.
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The advantage of the liquid-liquid extraction technique in general is its 
relative ease, simplicity, speed and wide scope. Similarly, the technique utilises 
non complex equipment and at the same time the recoveries can be controlled by 
manipulation of the sample and/or extractant. The extractant used in this study has 
shown huge potential of being recyclable for as many as 9 times while still giving 
a reasonably high percentage in extraction efficiency. The method also shows 
greater selectivity and flexibility since the extractant targets phosphates in the 
wastewater sample. A further advantage of the extraction method over the 
precipitation method lies in the cleaner separations that can be achieved by the 
former.
In the case of phosphates extraction as investigated in this research work, 
the problem of sludge production is eliminated; hence the liquid-liquid extraction 
method could easily replace chemical coagulation/precipitation for phosphates 
removal. Many water treatment companies are interested in methods that are 
environmentally friendly and sustainable in operation, and it is evident that the 
liquid-liquid extraction method provides a potential avenue to achieving this 
provided that the plant flows are properly designed. Although the liquid-liquid 
extraction method has a lot of advantages, as outlined above, it can be quite 
laborious. A particular problem, however, is dealing with the solvent extraction 
effluents which could pose a hazard to the environment. Nevertheless, owing to 
the high carbon content of the extractant mixture, it could be incinerated in 
incinerator with energy recovery facilities that could provide electricity for the 
national grid.
Meanwhile, coagulation/precipitation processes have the ability to remove 
phosphates from wastewater as evidenced by results in chapter 5. The method has 
traditionally been used world wide in many wastewater treatment plants due to its 
ease of operation and flexibility towards changing effluent conditions. 
Nevertheless, in comparison to the liquid-liquid extraction methods, 
coagulation/precipitation methods have a lot of disadvantages. These include 
increased sludge production. When Al/Fe (III) coagulants are added to wastewater 
containing phosphorus, a metal phosphate precipitates and the excess metal forms 
an insoluble hydroxide. As discussed in the previous section (see section 5.6.1),
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the hydroxide acts as a flocculant precipitate which carries with it other suspended 
solids when it settles. In addition, soluble organic material is apparently adsorbed 
on the precipitate and removed. The amount and nature of additional sludge 
formed is a function of the process addition point. The cost of sludge disposal is 
escalating as a result of stringent waste disposal legislation and the introduction of 
a landfill tax and this provides incentives to minimise sludge production. Sludge 
volume is also costly especially when being transported by road, hence an equal 
incentive to reduce sludge volumes. In addition, increased dissolved solids 
(salinity) load on the receiving water mainly in the form of chloride or sulphate 
could arise (Haas et al., 2000).
The need for pH correction is also another disadvantage for 
coagulation/precipitation in comparison to liquid-liquid extraction. The addition 
of Al/Fe salts to wastewater will lower pH due to neutralisation of alkalinity. The 
extent of pH reduction is dependent on the alkalinity of the wastewater. This loss 
of alkalinity may necessitate the addition of alkaline substances such as lime or 
sodium hydroxide. The adjustment of the pH downward may be accomplished by 
the addition of sulphuric acid. It is the addition of these supplementary substances 
that increase the cost of wastewater treatment by the coagulation/precipitation 
process. Consequently, metal salt dosing may lead to the inhibition of biological P 
removal. There is emerging evidence that dosing of metal salts into Biological 
Nutrient Removal (BNR) activated sludge plants exhibiting Biological Excess 
Phosphate Removal (BEPR) mechanism, diminishes the plant’s capacity to 
remove phosphates (Haas et al., 2000).
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Phosphates removal from wastewater is progressively becoming an 
important step in wastewater treatment operations. A feasible process for 
removing and recovering phosphates from wastewater is required to control the 
process of eutrophication of lakes, rivers and other water bodies and also to make 
up for the lack of phosphates resources. As the environmental regulations and 
costs associated with phosphates removal increases, maximising its removal and 
recovery becomes increasingly important. Moreover, the ability of phosphates to 
have significant recovery potential gives full meaning to what should be a core 
principle of true sustainable development: managing today’s resources for the 
people of tomorrow as outlined in the introductory section of this thesis.
Although coagulation/ precipitation and biological treatments are the 
conventional processes used in phosphates removal and offer relatively good 
removal efficiencies that are capable of producing effluents well below the EU 
requirement, there are problems associated with both processes (see section 5.7). 
These problems include increased sludge production that can be costly to treat and 
also incur disposal costs and the need of additives for pH control in the form of 
alkaline substances and acids with an overall effect of increasing wastewater 
treatment costs. In addition, there is emerging evidence that metal salt dosing may 
inhibit phosphates removal in BNR activated sludge plants. Therefore, a new 
generation of innovative processes ought to be developed in order to provide 
enhanced wastewater treatment in a more efficient and sustainable manner.
This study demonstrates that liquid-liquid extraction could successfully be 
used to extract non-metals and particularly phosphates from water and 
wastewater. Phosphates from three different kinds of water and wastewater 
(model water, university lake water and wastewater from Southern Water UK) 
were extracted and recovered by the solvent extraction method using 
benzyldimethylamine with kerosene as a diluent. Experimental results show that 
by controlling different parameters such as equilibrium time (6 hours and 4 hours 
for extraction and stripping respectively), aqueous /solvent ratio (1 :1  both
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extraction and stripping), kerosene/benzyldimethylamine ratio of 2:1 by volume 
and using 6M H2SO4 as a stripping reagent, a high extraction efficiency of 
between 80-96% and stripping efficiency of between 89-99% can be achieved.
The extractant presented in this study exhibits efficient phosphates anion 
removal in both anion standard solutions prepared in the laboratory and real 
wastewater from a wastewater treatment plant. The experimental results for 
phosphates removal from wastewater effluents suggest that the extractant was not 
significantly tainted by either the organic constituents or the counter ions present 
in the wastewater effluents. The lake water study demonstrated that an extraction 
efficiency of between 80-95% and a stripping efficiency of between 94-97% could 
be achieved. Consequently, in wastewater study, an overall extraction efficiency 
of 77% was realised inspite of the high suspended solids, while 87% efficiency 
was achieved with prior filtration of the samples. A ratio of 1:2 of the fresh to the 
recycled extractant was preferred as it gave a reasonable extraction efficiency of 
75% compared to 62% demonstrated by the 1:4 ratio, a similar ration that was 
used in the lake water study. This could have been attributed to the difference in 
the composition of the two kinds of the water samples. The stripping efficiency 
from the resultant extractant was 94%.
Meanwhile, the resulting extractant from the stripping process can be 
reused nine times, with the overall phosphate removal efficiency maintained by 
mixing the recycled to fresh extractant (kerosene and benzyldimethylamine at a 
volume ratio of 2:1) at volume ratios of 4:1 and 2:1 for the lake water and 
wastewater samples respectively. This produced an exfraction efficiency of 
between 75-91% for the lake water study while the wastewater study achieved an 
extraction efficiency of 71-91% with prior filtration of the samples and 65-84% 
without prior filtration. Thus, it has been demonstrated that benzydimethylamine 
in kerosene has enormous potential for removing nutrient anions and in particular 
phosphates from wastewater effluents, resulting in the reduction of phosphates 
concentrations to levels suitable for discharge into natural surface waters. 
Similarly, the method produces less sludge in comparison to chemical coagulation 
and precipitation. Sludge treatment and disposal can be expensive given the 
stringent laws and regulations for its handling. The ultimate goal of this research 
will be to produce a continuous process that can be used on an industrial scale.
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Attempts were also made in this study to examine the effectiveness of a 
coagulation/ precipitation process using iron and aluminium coagulants for the 
treatment of wastewater particularly with reference to phosphates removal. The 
work cited in the literature review (section 2.9) on coagulation chemistry indicates 
that a range of hydrolysed Al/Fe species are responsible for the removal of 
suspended particles and colloidal impurities from wastewater. In many wastewater 
treatment plants, phosphates are commonly removed using precipitation and 
coagulation methods. Nevertheless, they are noticeably different processes 
whereby the chemical precipitation is related to the compound solubility and 
coagulation depends on destabilisation-adsorption mechanism. The types of 
coagulant salts (ALCSCLfy, AICI3 and FeCl3) used in the study were capable of 
removing 92-99% phosphates at metal doses of between 12-20 mg/L and 16-40 
mg/L as Al3* and Fe3* respectively. In the case of turbidity, a removal efficiency 
of between 92-99.5% at a pH 7 was achieved when the samples were treated with 
iron chloride at a dose range of 8-40 mg/L. Similarly, aluminium chloride and 
aluminium sulphate salts exhibited high turbidity removal efficiency at ph 6 and 7 
ranging from 90-99%. Optimal coagulation pH was pH 6 and 7 for ALCSO^ and 
AICI3 which gave the highest removal efficiency of 96-98% at doses of 12 mg/L 
as Al3* while for the iron chloride the optimal pH was 7 which gave a phosphate 
removal efficiency of 99% at metal doses of 16 mg/L as FQ3+(see table 5.2).
The use of the regression method of analysis used in processing 
experimental results in this study is convenient provided that the experimental 
errors are not high. The most proficient procedure is to use the regression method 
in conjunction with the graphical method. The latter can be used to reject data of 
high experimental error and the regression method can then be used to obtain 
reliable estimates of the best fit between the data and proposed level of 
concentration.
In summary, the aim and objectives of the study as outlined in section 1.4 
of this thesis have been met. Phosphate was successfully extracted from 
wastewater using Benzyldimethylamine in kerosene and recovered in an acid 
medium (6M H2SO4). The extractant has demonstrated the ability to be reused 
nine times without losing its overall extraction efficiency significantly. However, 
it may be necessary to incorporate other adsorption methods alongside a liquid-
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liquid extraction unit in order to completely eradicate the extractant before the 
water is discharged into the environment. A major finding in undertaking this 
study has been the lack of literature available regarding phosphates removal in 
wastewater treatment using the liquid-liquid extraction method. An enormous 
amount of work done in this field has focussed on metal extraction and recovery.
The study also helps to affirm the effectiveness of using 
precipitation/coagulation methods in phosphates removal. Unlike the liquid-liquid 
extraction method, precipitation/coagulation processes produce huge amounts of 
sludge that would require further treatment before disposal that end up increasing 
the treatment cost of wastewater. However, it is recognised that the large daily 
wastewater throughput volumes typically experienced at sewage treatment works 
make it probably impracticable to apply the method for phosphate removal in such 
installations.
It was not possible to predict an actual figure with regard to treatment 
costs involving treating a given volume of wastewater with the liquid-liquid 
extraction method, since the study was laboratory based and the price of 
chemicals varied from one distributor to the other. It is as a result of this that cost 
estimates have not been included in this thesis. Nevertheless, since the results 
obtained from using the method in treating wastewater effluents produced 
promising results, if employed in treating industrial effluent with high phosphates 
concentration, especially from fertiliser industries, the overall chemical costs can 
be met by reusing the phosphates recovered. Therefore, it has been proposed that 
costs estimates be assessed at a pilot plant level within an industrial wastewater 
treatment plant as a part of future study.
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Based on this study on the removal of phosphates by liquid-liquid 
extraction, some aspects of it were left un-investigated which would need extra 
attention in future. Among the work that would need such extra attention includes:
• Studies on the effects of controlling pH of the aqueous phase on phosphate 
recovery efficiency in the entire extraction and recovery process.
• In order to assess actual overall treatment costs of using liquid-liquid 
extraction method for the phosphorus recovery, I would suggest setting up 
a pilot plant in a fetiliser production industry to run test for treating high 
concentrated phosphorus effluent.
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